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PUBLIC ABSTRACT

EXAMINING SIMULATED DRIVING PERFORMANCE AMONG ATHLETES WITH A
SPORT-RELATED CONCUSSION

By
Jennifer Lauren Savage
Sport-related concussions (SRCs) can impact multiple domains, symptoms,
neurocognitive and vestibular/ocular performances, which may affect concussed athletes with the
ability to drive an automobile. However, limited research is available to assist clinicians on when
concussed athletes should return to drive. PURPOSE: The first purpose of this study was to
evaluate the reliability of the simulated driving software in a sample of healthy, college-aged
students. The secondary purpose was to examine simulated driving performance in concussed
athletes compared to non-concussed match controls, throughout the SRC recovery. Lastly, the
third purpose of this study was to explore the relationship between simulated driving
performance and concussions measures in concussed athletes, within 72 hours, asymptomatic
and return to full participation sessions. DESIGN: Repeated-measures study.
INTERVENTION: There was a total of 59 collegiate students who completed the test-retest
reliability study of three driving scenarios, with one week in between two test sessions. Thirty-
eight participants completed a series of SRC-based tools and driving simulation tests within 72
hours, when they become asymptomatic and when they return to full participation. Lastly, the
tools that were utilized in the study were the Sport Concussion Assessment Tool (SCATS),
Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT), Balance Error
Scoring System (BESS), Vestibular-Ocular Motor Screening (VOMS), and STISIM Drive®
simulated driving tasks. RESULTS: The simulated driving software had poor to moderate

reliability of their driving measures. There were no significant differences between concussed



and non-concussed athletes in their simulated driving ability. However, nine concussed athletes
collided with pedestrians and automobiles during the simulated driving scenarios. Lastly, we
found numerous moderate to strong relationships between simulated driving performance and
SRC tools. CONCLUSIONS: Driving in an impaired state may carry serious consequences that
may affect both the concussed individual and others on the road. These results suggest that
driving impairments may persist beyond when individuals with a concussion have returned to

normal driving.



ABSTRACT

EXAMINING SIMULATED DRIVING PERFORMANCE AMONG ATHLETES WITH A
SPORT-RELATED CONCUSSION

By
Jennifer Lauren Savage

Many healthcare professionals have incorporated a return to play and return to learn
strategies within their sport-related concussion (SRC) management protocol but may not have
considered the effects of driving performance, which is a common activity of daily living for
most athletes. By having severe signs and symptoms, and impairments from a SRC, it could
influence the way concussed drivers think and act throughout their recovery process. Therefore,
this could impair their acceptable decisions and make it harder to detect and avoid hazards on the
road. PURPOSE: The specific aim of this project was to evaluate the test-retest reliability of the
STISIM Drive® simulated driving software in a sample of healthy, college-aged students. The
secondary purpose was to examine simulated driving performance in concussed and non-
concussed match control athletes within 72 hours of sustained SRC, asymptomatic and return to
sport participation (RTP) sessions. Lastly, the third purpose of this study was to explore the
relationship between simulated driving performance and concussion tests in concussed athletes,
over their SRC recovery. DESIGN: Repeated-measures study. INTERVENTION: There was a
total of 59 collegiate students, who completed the test-retest reliability of three driving scenarios,
with one week in between two test sessions. A total of 38 concussed and non-concussed athletes
completed a series of SRC-based tools and simulated driving tasks within 72 hours, when they
become asymptomatic and when they return to full participation. Lastly, the tools that were
utilized in the study were the Sport Concussion Assessment Tool (SCATS), Immediate Post-

Concussion Assessment and Cognitive Testing (ImPACT), Balance Error Scoring System



(BESS), Vestibular-Ocular Motor Screening (VOMS), and STISIM Drive® simulated driving
tasks. RESULTS: The STISIM Drive® software reflected poor to moderate reliability (0.25-
0.86) for the STISIM Drive driving tasks. Within the memory, planning and navigation scenario,
there were no group (Fi1,28=1.56, p=0.73) or group X time (F1,20=1.56, p=0.79) interaction main
effects, however there was a time (F1,20=1.56, p<0.001) main effect. Within the car following
with divided attention (DA) scenario, there were no group (Fi27=1.48, p=0.20) or group X time
(F1,18=1.09, p=0.43) interaction main effects, however there was a time (F1,13=6.40, p<0.001)
main effect. Within the passing, gap judging and merging scenario, there were no group
(F131=1.338, p=0.27), time (F1,25=0.777, p=0.67), or group X time (F1,1s5=1.09, p=0.43)
interaction main effects, however there was a time (F1,25=0.808, p=0.64) main effect. However,
nine concussed athletes (47.4%) collided with pedestrians and automobiles during the simulated
driving scenarios over their SRC recovery. Lastly, we found four strong relationships between
simulated driving performance (i.e. turn signal usage, car collisions, speeding) and SRC tools
(i.e. ImPACT, BESS, VOMS). CONCLUSIONS: These preliminary findings may guide
clinicians, educators, and researchers in developing a comprehensive driving evaluation for
concussed individuals, due to the numerous pedestrian and car collisions displayed by concussed
athletes. These results suggest that driving impairments may persist beyond when concussed

athletes are returning back to full participation in sport and school.
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CHAPTER 1
INTRODUCTION

1.1.  Overview of the Problem

Sports play a unique and profound role in American society, with more than 200 million
youth and adults participating in some form of sports.! Since there is a steady increase in sport
participation among youth and adult populations, there is also an increase among sustaining
injuries in sports. Between 1.6 and 3.8 million sport and recreation-related traumatic brain
injuries (TBI) occur annually within the United States (US).? Current estimates show that 4.0 -
8.9% of all high school** and 4.0 - 7.9% of all collegiate athletic injuries>® are sport-related
concussions (SRC). With the growing concern of SRCs in physical activities, it has become a
priority to educate athletes, coaches, parents, and the general public about the recognition and
management of SRCs. Furthermore, advancements in the field of sports medicine has led to
improved clinical practices for clinicians assessing and managing this injury.

A SRC is one of the most complex injuries to assess and manage in sports medicine. A
SRC is defined as a trauma-induced alteration in mental status, induced by biomechanical forces
and can be caused by either a direct blow to the head, face, neck or elsewhere on the body with
an impulsive force transmitted to the head.”!° The effects of a SRC vary widely, depending on
the severity of the injury, age, health, individual factors and recovery time. Furthermore, a
suspected SRC can include one or more of the following clinical domains: 1) signs and
symptoms, 2) physical signs, 3) balance impairment, 4) behavioral changes, 5) cognitive
impairment and 6) sleep/wake disturbance.’ Approximately 80 - 90% of these impairments from
a SRC typically resolve within 7-10 days,'"!? but some athletes remain symptomatic or impaired

for weeks or months after a SRC.!>!'* Currently, healthcare professionals should immediately



remove an athlete following a suspected SRC and the athlete should not be allowed to return to
participation the same day of the injury.” Lastly, when assessing and managing a concussed
athlete, clinicians should use a multifaceted approach and follow the graduated stepwise
progression, when returning an athlete back to full participation in sport and school.”!°
Neurocognitive assessments have been described as an important 'cornerstone' of

t.!5 Given the pervasive nature of SRCs, and the wide variety of injury

concussion managemen
outcomes, the assessment of multiple aspects of cognitive function (e.g., executive function,
attention, planning, memory, visuo-spatial, and cognitive flexibility) may provide additional
insight into the persistent effects of concussive injuries.'® In most concussion management
programs today, computer-based neurocognitive batteries have largely replaced the traditional
paper and pen neurocognitive tests.!” Neurocognitive testing has been the gold standard in
documenting deficits in cognitive function and is useful in detecting deficits following SRCs.!®
Although the neurocognitive evaluation is suggested to be the cornerstone of the evaluation, each
facet of the multifaceted approach provides critical information to the clinician making a
diagnosis and return to play decision in concussed athletes.!”

Balance, spatial orientation and stable vision are important components of physical
activity and athletic participation. The vestibular and ocular systems play a vital role in
controlling each of these areas and can be negatively impacted by a SRC.?*?! Vestibular function
includes both sensory and motor systems and is involved in several different roles related to
postural control or balance, including stabilization of the head, controlling the center of mass,
sensing and perceiving motion and maintaining orientation to vertical.>>*} After sustaining a

SRC, the most common symptoms an athlete may face include headache, dizziness and balance

problems.?*? Individuals who incur a SRC, 30% report balance dysfunction and 75.6% report



dizziness as a debilitating symptom.?*?*> Two primary mechanisms have been proposed to
underlie diminished vestibular function with concussion: 1) damage to peripheral receptors, or 2)
inhibited sensory integration in response to structural damage of the central processing
structures.?® Currently, force plate technology is the gold standard for balance measurement for
return to play, but with the expense it is often underutilized.?’

Clinical recovery is defined as a return to normal activities of daily living, which include
school, work and sport, after injury. In addition, it encompasses a resolution of post-concussion-
related symptoms and a return to clinically normal balance and cognitive function. It is well
established that SRCs can have large adverse effects on cognitive function and balance in the
first 24-72 hours after injury.”!' Many concussed individuals recover within 10-14 days, with
cognitive deficits, balance and symptoms improving rapidly during the first 2 weeks.’ Driving is
a component of independent functioning and an activity of daily living for many individuals,
particularly where there is little access to public transportation. Moreover, driving a motorized
vehicle involves individuals to have adequate emotional control, cognition, attention, and motor
coordination.?® Particularly for young and inexperienced drivers, operating a vehicle is a
demanding cognitive task. Currently, teenagers are the greatest at-risk population for motor
vehicle crashes within the U.S.?° Additionally, the risk of motor vehicle collisions and death are
higher among 16 - 19 year-olds than among any other age group in the U.S.*° Furthermore, male
drivers are two times more likely than female drivers (ages 16 - 19) to be killed in a car
accident.’! However, when considering driving performance, healthy males tend to take more
risks, exhibit aggression and seek thrilling sensations compared to females.?>** Researchers have
found that distractions, perception of hazard, sleep and passenger presence all affect adolescent

drivers.’*3>



While consensus documents”!'!

are available to guide return to sport and return to learn
decisions, there is a distinct lack of evidence regarding return to activities of daily living that

may expose concussed athletes to the risk of additional injury, such as driving. Driving

impairments have been well documented in populations with more profound neurological

1’36 38,39

disorders such as TBL,*® Alzheimer’s disease,’”-*® Parkinson’s disease, multiple sclerosis,*
and various other neurological conditions. However, only two existing studies have examined
individuals with a concussion, while performing a driving simulation task.*"*> Schmidt and
colleagues*!' suggest that concussed individuals presented with poorer simulated driving
performance and 32% more lane excursions compared to controls when asymptomatic. While
Schultheis et al.*? suggested that changes in simulated driving performance are correlated with
changes in cognitive performance. However, these studies were limited due to small sample size,
short duration of testing, and lack of multiple concussion tools on simulated driving performance
between concussed individuals. More importantly, these studies did not examine high school and
collegiate athletes who are at a greatest risk for a motor vehicle accident. Despite these efforts,
only 48% of individuals intend to reduce their driving at any point after sustaining a
concussion.®
1.2.  Significance of the Problem

Within the US, crash rates are the highest and most hazardous during the first six months
of licensure without parental supervision.** Our society tends to view teens as young adults
when, neurologically, they are not fully developed. In addition, adolescents differ significantly
from adults, not only in size but also biomechanically, pathophysiologically, neurobehaviorally

and developmentally.*> Researchers suggest that the area of the brain that regulates logic and

reasoning develops before the area that controls impulse and emotion.*® Furthermore, studying



risk taking within the context of driving is critical due to the public health threat posed by young
drivers.*’ Research shows that parenting factors and individual difference variables, such as
sensation seeking and risk perceptions, are associated with increased motor vehicle crash risk for
young drivers.*’ Driving is a very complex activity of daily living, even in the best possible
conditions for the driver. Driving consists of three main factors, which include cognition, vision,
and motor function. Characteristics of the cognitive and motor function domains are attention,
perceptual and visuo-spatial ability, speed and reaction time, memory and executive function.*®
Additionally, characteristics of the vision domain include eye health, visual acuity, visual fields,
color vision, depth perception, field dependence, hearing and contrast sensitivity.*® Since driving
is a very dynamic task, similar impairments are seen in concussed athletes (i.e. cognitive,
balance, vestibular/ocular).’ Previous studies suggest that these measures are sensitive to driving
impairments in patient populations with other neurological conditions (i.e. Alzheimer’s disease,
Parkinson’s disease, and various other neurological conditions). By seeing these cognitive,
vestibular/ocular motor impairments in other neurological conditions while driving, there is a
gap in the literature regarding SRCs and simulated driving performance. Within the college-aged
concussion literature, previous researchers found significant, positive correlations between
neurocognitive testing and simulated driving performance.**? In addition, only visual memory
and processing speed significantly improved from the diagnosed concussion session to the return
to full participation stage. Limitations of these studies include not evaluating the population that
is at the highest risk of automobile accidents, high school and collegiate athletes, a short duration
of testing, and a lack of a multifaceted approach. Thus, the presence of a SRC can compound
these variables potentially leading to a further increase in the risk of a motor vehicle collision

and endangering the lives of others on the road. Furthermore, it is crucial to incorporate a



multifaceted approach in order to understand if there is a relationship between concussion
management tools and simulated driving performance.

Return to drive following a SRC has recently become a focal point of the sports medicine
community. However, very little research exists regarding post-concussion driving
recommendations and guidelines. A recent study surveyed collegiate student-athletes regarding
sustaining a concussion and driving practice immediately following. Results found three main
themes: 1) despite generally believing that driving immediately following a concussion is unsafe,
a majority of student-athletes did not refrain from driving at any point following their previous
concussions, 2) the health care provider plays a critical role in post-concussion driving decisions,
and 3) post-concussion driving restrictions may have some influence on student-athletes’
decisions to report the injury to a health care provider.*’ This warrants an implementation of a
return to drive protocol for healthcare providers, since return to drive is not a trademark or a
critical component of the return to sport guidelines in concussed athletes. Additionally,
researchers need to investigate different time points of the recovery process, in order to provide
healthcare professionals appropriate guidelines throughout the management of a concussed
athlete.

The process of recovery and return to sport participation after a SRC, follows a graduated
stepwise rehabilitation strategy.” When using a multi-faceted, comprehensive management
approach, the recovery time for a SRC may take up to four weeks, dependent upon the various
domains of impairments of a concussed individual.>® The literature documenting the time to

3153 whereas

symptom resolution is disparate; some studies report alleviation within 5 to 10 days,
others have documented post-concussion symptoms beyond 7 to 14 days.>*3 Researchers have

reported that balance impairment resolves within 7 days of SRCs in 90% of cases.’® Lastly,



vestibular and ocular motor impairments have been linked to worse outcomes after a SRC,>” with
decrements resolving between 1 and 3 weeks after a SRC.% Since the recovery stages of a SRC
is within 4 weeks typically, this is the most likely the time concussed athletes would return to
driving and could show differences compared to non-concussed athletes during the acute and
subacute stages. Therefore, there may be differences seen within the acute and subacute stages of
a concussed athletes’ recovery process and simulated driving performance, while their simulated
driving performance and deficits from the SRC should return to “normal” during the return to
full participation stage.

As high school and college sport participation continues to rise in the US, healthcare
professionals must find a way to provide the best possible care for their athletes. Many sports
medicine clinicians have incorporated return to play and return to learn strategies within their
concussion management protocol but may not have considered the effects of driving
performance, which is a common activity of daily living for most athletes. By having severe
signs and symptoms from a SRC and behavioral impairments, it could influence the way
concussed drivers think and act throughout their recovery process. Additionally, this could
impair their acceptable decisions and make it harder to detect and avoid hazards on the road.
Therefore, it is vital to examine simulated driving performance among high school and collegiate
athletes with a SRC. By doing so, this study will provide clinicians with various clinical
indicators of recovery points (i.e., 72 hours, when asymptomatic and return to full participation)
during the SRC recovery phase. Additionally, this study is vital for healthcare providers in
determining recommendations and guidelines for a safe return to drive, if there are poorer

simulated driving performance in concussed athletes.



1.3.  Purpose of the Study

The aims of this study were to evaluate the test-retest reliability of the Systems
Technology Incorporated Simulation (STISIM) Drive® software, examine simulated driving
performance between concussed and non-concussed high school and collegiate athletes, and
explore the relationship between simulated driving performance and common concussion
measures (i.e. symptoms, neurocognition, balance and vestibular/ocular motor) across
concussion recovery. More specifically, the primary purpose was to evaluate the test-retest
reliability of the STISIM Drive® software in a sample of healthy, collegiate students, with one
week in between sessions. The secondary purpose was to examine simulated driving
performance (i.e. road lane excursions, centerline crossings, car collisions, pedestrian collisions,
stop sign tickets, speeding tickets, turn signal usage and divided attention (DA)) between
concussed high school and collegiate athletes and matched non-concussed high school and
collegiate athletes within 72 hours, asymptomatic and return to full participation. The tertiary
purpose was to explore the relationship between simulated driving performance and concussion
measures (i.e. symptoms, neurocognitive, balance, and vestibular/ocular motor measures) in
concussed athletes within 72 hours, asymptomatic and return to full participation.
1.4. Hypotheses
Aim 1: To evaluate the test-retest reliability of the STISIM Drive® software (i.e. all three
scenarios) in healthy, college aged students, with one week in between each session.

Hla. The STISIM Drive® software will reflect acceptable ICC values (0.75).



Aim 2: To compare simulated driving performance (i.e. road lane excursions, centerline
crossings, car collisions, pedestrian collisions, stop sign tickets, speeding tickets, turn signal
usage and DA) between concussed high school and collegiate athletes and matched non-
concussed high school and collegiate athletes over the clinical indicators of the SRC recovery
(i.e. within 72 hours, asymptomatic, return to participation,).

H2a: Concussed high school and collegiate athletes will perform more road lane excursions,
centerline crossings, car collisions, pedestrian collisions, speeding tickets, stop sign tickets, and
have less turn signal usage and DA on the simulated driving tasks within 72 hours and
asymptomatic stages, compared to matched non-concussed high school and collegiate athletes.
H2b: There will be no differences on road lane excursions, centerline crossings, car collisions,
pedestrian collisions, stop sign tickets, speeding tickets, turn signal usage and DA on the simulated
driving tasks at the return to full participation session between concussed and matched non-

concussed high school and collegiate athletes.

Aim 3: To examine the relationship between simulated driving performance measures and
concussion measures (i.e. symptoms, neurocognitive, balance, and vestibular/ocular motor) in
concussed athletes over the clinical indicators of the SRC recovery (i.e. within 72 hours,
asymptomatic, return to participation).

H3: There will be a strong association between simulated driving performance measures and
concussion measures (i.e. symptoms, neurocognitive, balance and vestibular/ocular motor) at all
clinical indicators of the SRC recovery (i.e. within 72 hours, asymptomatic, return to

participation) for the concussed group.



1.5. Operational Definition of Terms

Sport-Related Concussion: A traumatic brain injury induced by biomechanical forces and may be
caused either by a direct blow to the head, face, neck or elsewhere on the body with an impulsive
force transmitted to the head.

Neurocognitive Performance: Scores on a battery of scientifically-validated computerized tests
that measure verbal memory, visual memory, visual motor speed, impulse control, and reaction
time.

Balance Performance: Error scores were recorded on the Balance Examination Scoring System
(BESS), through three different stances on a firm and foam surface, while participants were
instructed to stand quietly with their eyes closed and their hands on their iliac crests, in each stance
for 20 seconds.

Vestibular Ocular Motor Performance: A screening tool to assess vestibular and ocular motor
impairment through participant-reported symptom provocation following each assessment. The
five sections of the screening include: 1) smooth pursuits; 2) horizontal and vertical saccades; 3)
convergence; 4) horizontal and vertical vestibular ocular reflex (VOR); and 5) visual motion
sensitivity (VMS).

Simulated Driving Performance: A simulated driving software that utilizes three driving scenarios:
1) memory, planning, and navigation, 2) car following with DA, 3) passing, gap judging and
merging.

Speeding Tickets: Total number of instances where the vehicle exceeded the speed limit and the
police was called to the scene (generally providing auditory feedback).

Stop Sign Tickets: Total number of instances where the driver’s vehicle did not come to a complete

stop within 2 car lengths of the stop sign.
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Car Collisions: Total number of instances where the driver’s vehicle contacted, either another
vehicle, a barrel, a barrier or a collision block.

Pedestrians Collisions: Total number of instances where the driver’s vehicle touched a pedestrian
model.

Road Edge Excursions: Total number of times where any portion of the driver’s vehicle left their
defined roadway lane and entered the shoulder.

Centerline Crossing: Total number of times where any portion of the driver’s vehicle left their
defined roadway lane and crossed over the double-lined on on-coming traffic.

Turn Signal Usage: Based on three criteria: 1) good performance, 2) poor performance and 3)
missed signal. Good performance was defined as instances where the driver correctly signaled for a
turn or lane change well in advance of the required action and left the turn signal on until the action
was completed. Poor performance was defined as instances where the driver used the turn signal but
did not provide adequate warning to other drivers or did not maintain the use of the turn signal
through the entire maneuver. Missed signal usage was defined as instances where the driver
negotiated a turn or lane change without the use of their turn signals.

Over Speed Limit Percentage: Percentage of driving time and distance the driver spent above the
specified speed limits.

Divided Attention (DA) Response: Symbols are displayed on the screen and the driver must respond
by tapping a button on the steering wheel that corresponds with the symbol. Responses were
displayed by three criteria: 1) 0 = correct, 2) 1 = incorrect, 3) 2 = missed.

DA Total Response Time: The average response time of all 23 DA tasks that were given in the DA

driving scenario.
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Pedestrian Collision Response Time: The average response time of three DA responses relating to

the three pedestrian models walking in front of the driver’s vehicle unexpectedly.

Car Collision Response Time: The average response time of three DA responses relating to the

three cars pulling out in front of the driver’s vehicle unexpectedly.
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CHAPTER 2
REVIEW OF THE LITERATURE
This review of the literature provides a comprehensive summary of the research on SRCs,
particularly in high school and collegiate athletes, as well as the effects of simulated driving
performance in concussed athletes. The three main components of the literature review include
the background and epidemiology of SRCs, the assessment and management of SRCs, and
driving. This first part of this review defines a SRC and the pathophysiology, epidemiology risk
factors and sex considerations regarding SRCs. This is followed by an overview of the
advancements in the assessment and management of SRCs with separate sections dedicated to
symptoms, neurocognitive and postural stability. Additionally, the return to full participation,
return to learn and return to drive will be discussed in the recovery of a SRC. The remaining
portion of this review discusses the driving aspects including car collision rates, at-risk
populations and the use of car simulators. This chapter concludes with a summary of the relevant
gaps in the literature and the purposes of the present study.
2.1. Background of Sport-Related Concussions
2.1.1. Definition of a Sport-Related Concussion
Concussion is derived from the Latin concutere, meaning “to shake violently”. The
definition of a concussion has been highly debated and has evolved over the past several decades
due to the increasing knowledge within research and media coverage. Furthermore, since there is

no universal agreement®®

on the definition of a concussion, it has been proposed that the term
should not be used interchangeably with mild traumatic brain injury (mTBI) or post-concussion
syndrome, since these injuries are separate entities, have vague definition, not based on validated

criteria, and may have longer-term neuropsychological sequelae.’!!-
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Currently, the National Athletic Trainers’ Association (NATA) position statement for
managing SRCs and the American Academy of Neurology (AAN) utilize the same definition of
a concussion, which states is a “trauma-induced alteration in mental status that may involve loss
of consciousness.!*%° A more well-defined and accepted definition within sports medicine was
established from the 5™ Consensus Statement on Concussion in Sport. The expert panel defined
concussion as a “traumatic brain injury induced by biomechanical forces”. Several common
features that may be used in clinically defining the nature of a concussive head injury include: 1)
SRCs may be caused either by a direct blow to the head, face, neck or elsewhere on the body
with an impulsive force transmitted to the head, 2) SRCs typically results in the rapid onset of
short-lived impairment of neurological function that resolves spontaneously. However, in some
cases, signs and symptoms evolve over a few minutes to hours, 3) SRCs may result in
neuropathological changes, but the acute clinical signs and symptoms largely reflect a functional
disturbance rather than a structural injury and, as such, no abnormality is seen on standard
structural neuroimaging studies, and 4) SRCs result in a range of clinical signs and symptoms
that may or may not involve loss of consciousness. Resolution of the clinical and cognitive
features typically follows a sequential course. However, in some cases symptoms may be
prolonged.’

2.1.2. Pathophysiology of a Sport-Related Concussion

SRCs are described as functional injuries instead of structural injuries. This stance is
rooted in the frequent presentation of symptoms and cognitive deficits reported by concussed
athletes with grossly normal structural neuroimaging (e.g. computed tomography and magnetic
resonance imaging). Moreover, these biomechanical forces result in abnormal function at the

level of the individual cell. Thus, concussions may be a result of neuropathological changes such
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as microstructural and even eventually macrostructural damage.®' Computed tomography and
magnetic resonance imaging add little to the concussion-evaluation process, but should be
employed whenever suspicion of an intracerebral or structural lesion (e.g. skull fracture) exists.'!
Although other diagnostic techniques, such as functional magnetic resonance imaging,®

63,64

diffusion tensor imaging, magnetic resonance spectroscopy, serum biomarkers,% and

biomechanical techniques,“’67

may be helpful in identifying and diagnosing concussion, their
exclusive use as diagnostic tools have not been validated.!°

When direct or indirect linear and/or rotational forces are applied to the brain,*®8 the
underlying neural elements are exposed to a shearing strain.®” Following this shearing strain,
there is an alteration to normal brain function, termed ‘neurometabolic cascade.” Immediately
after sustaining a SRC, indiscriminate release of neurotransmitters and unchecked ionic fluxes
occur.”® The binding of excitatory transmitters, such as glutamate to the N-methyl-D-aspartate
(NMDA) receptor, leads to further neuronal depolarization with efflux of potassium and influx of
calcium.” This ionic shift leads to acute and subacute changes in cellular physiology. During this
time, the mitochondria struggles to meet the cellular demands of ATP production.”! Without
ATP, the ATP-dependent sodium-potassium pump will fail to maintain ionic homeostasis.®! The
metabolic mismatch and specifically the increased energy demands activate glycolysis, which
produces lactic acid.®! Accumulation of lactic acid will break down the blood—brain barrier and
can result in massive cerebral edema.”® To reestablish the neuronal member potential acutely, the
sodium potassium pump works strenuously. The sodium potassium pump requires a dramatic
jump in glucose metabolism. This stage of “hypermetabolism” occurs in the setting of

diminished cerebral blood flow and the disparity between glucose supply and demand triggers a

cellular energy crisis. Functional MRI has demonstrated that cerebral blood flow changes
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correlate with initial symptom severity, but may return to baseline or normative ranges slower
than subjective symptom reporting and neurocognitive testing.”>’* This suggests that cerebral
blood flow changes likely persists even after symptoms and signs have resolved.®' Following the
initial period of accelerated glucose utilization, the brain goes into a period of depressed
metabolism. Persistent increases in calcium may impair mitochondrial oxidative metabolism and
worsen the energy crisis. Unchecked calcium accumulation can also directly activate pathways
leading to cell death. Intra-axonal calcium flux had been shown to disrupt neurofilaments and
microtubules, impairing post-traumatic neural connectivity.

A majority of athletes will recover completely after sustaining a SRC, however a
minority will suffer persistent symptoms and possibly neurodegenerative changes, due to a
persistent and sustained neuroinflammatory response.®' Studies have demonstrated that white
matter tract disruption and persistent microglial activation after repetitive mild traumatic brain
injury may result in permanent changes.”®’>’¢ Furthermore, the physiologic basis for concussion
and post-concussive symptoms has its origins in both experimental animal and human work
following a concussive injury and show a vulnerable period to repeat injury exists.”’

2.1.3. Epidemiology of Sport-Related Concussions

Participation in sports and recreational activities is an important part of the American
culture in youth and adult populations. Along with the associated benefits of participation in
sports and physical activity, comes the risk of injury. Because of the high level of uncertainty
surrounding brain injuries, SRCs are a cause of growing attention and continues to be a serious
public health concern. In addition, approximately 1.6 to 3.8 million concussions occur annually
within the U.S.? Of those concussions, an estimated 300,000 are SRCs, which account for

approximately 4-9% of all sport injuries.>*>"8-%0 However, this number may be underestimated,
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as many concussed individuals fail to seek medical care or hide their injury.® Considering these
statistics, along with the increased rates in sport participation, it is expected that the annual
incidence of SRCs will continue to rise relative to these increases in sport participation.®!

The media and research’s focus on SRCs has mainly surrounded collegiate and
professional athletes, yet nearly 8 million high school athletes make up the single largest athletic
cohort in the country annually.®? The daily sport activities, physical demands, potential for
physical contact, and repetitive stress associated with sports activities, place young athletes at
risk for injury. Moreover, there is a recent interest in high school athletes and their risk for
sustaining SRCs, as well as the long-term consequences resulting from SRCs. Due to the small
proportions of high school athletes continuing to play at the collegiate and professional levels,®
it is important to examine the health and safety of this young population alongside their older
counterparts.

Injury Rates in High School Sports

SRCs occur across a wide variety of high school sports and represent approximately 4-
9% of all high school athletic injuries.>* In 2007, Gessel and colleagues* examined concussion
injury rates among high school and collegiate athletes through the High School Reporting
Information Online (RIO) system. A total of nine high school sports were studied throughout the
2005-2006 academic year, with 8.9% of all injuries reported representing SRCs.* The injury rate
was 0.23 SRCs per 1000 athlete-exposures (AE).* A recent study examined the academic years
from 2005-2006 through 2011-2012, in nine high school sports. SRC rates appeared to increase
beginning in 2008-2009 through 2011-2012, with the overall rate of SRCs increasing

1'79

significantly from 0.23 to 0.51.” Five of nine sports indicated a significant increase in SRC rates

over time, including football, boys’ basketball, boys wrestling, boys’ baseball, and girls’ softball,

17



while the other four sports shown increasing trends but did not reach significance.” In contrast,
Lincoln et al.® reported a significant increase in SRC rates for 12 high school sports in a single
school district, over an 11-year period (1997-1998 through 2007-2008). This raises the question
of whether SRC rates were rising nationally during the same 11-year period, in which Rosenthal
et al.”” only saw an increase in SRC rates between the years of 2008-2012. Results among the 12
sports revealed that football accounted for more than half of all SRCs, with boys’ lacrosse with
the second largest incidence.®® Among girls’ sports, soccer had the highest incidence of SRCs,

followed by cheerleading and basketball.?

The overall SRC rate across all 12 sports increased
over the 11-year period from 0.12 to 0.49 per 1000 AEs.*

O’Conner et al.> described the epidemiology of SRCs in 27 high school sports for the
2011-2012 through 2013-2014 academic years. Overall, SRCs were reported at a rate of 3.89 per
10,000 AEs.? Football had the highest SRC rate (9.21 AEs), followed by boys’ lacrosse (6.65
AEs) and girls’ soccer (6.11 AEs).? Similarity, Marar et al.> found football to have the highest
injury rate at 6.4 SRCs per 10,000 AEs, followed by girls’ soccer (3.4 AEs), and boys’ wrestling
(2.2 AEs).? Lastly, they furthered examined recurrent SRCs and found 11.5% of all concussed
high school athletes had a recurrent SRC, with almost 20% and 18.5% of recurrent SRCs
sustained in boys wrestling and boys’ track and field, respectively. Similarly to Marar and
colleagues,? the epidemiology of recurrent and new SRCs were examined by Castile and
colleagues,®* out of concern for the potential of long-term and traumatic effects associated with a
SRC. From 2005-2010, a total of 2417 SRCs were reported, with 2110 new and 292 were
recurrent SRCs.** The rate of new SRCs were 22.2 per 100,000 AEs, while the rate of recurrent

SRCs were 3.1 per 100,000 AEs.®* Football had the highest number of new SRCs, followed by

girls’ soccer, boys’ soccer, and girls’ basketball.?* In contrast to Marar et al.?® results with the
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highest recurrent SRCs seen in wrestling and boys’ track and field, recurrent SRCs were highest
in football (6.3 per 100,000 AEs), followed by girls’ soccer (4.1), and girls’ basketball (2.9).%
Schallmo and colleagues,?® also conducted a study over a 9-year span (2005-2014) and
aimed to track sex and sport-specific trends among SRCs in high school athletes through the
High School RIO system. Between the 2005-2006 through 2014-2015 academic years, the SRC
injury rate was 3.46 per 10,000 AEs. Based on the injury proportion ratio, SRCs were more

common in girls’ soccer (34.5%) than in any other sport, which is in contrast to the previously

b

1.8 Possible reasons for the rise in SRC risk in girls

aforementioned studies that reported footbal
soccer compared with boys’ football include the lack of protective gear, emphasis on in-game
contact, and potential increase in headers during game play.®’
Injury Rates in Collegiate Sports

As mentioned previously, SRCs are a significant public health epidemic among collegiate
athletes and research is limited in regard to the incidence of SRCs in the collegiate setting.
Football players face the highest rates and greatest total number of SRCs of any collegiate
contact sport?> and comprise up to 55% of all collegiate sports SRCs.® Additionally, current
estimates show that 4.0 - 7.9%>% of all collegiate athletic injuries are SRCs. Moreover,
Daneshvar et al.” summarized the data from the National Collegiate Athletic Association
(NCAA) Injury Surveillance System (ISS) and found that from the 1988-1989 through 2003-
2004 seasons, the SRC rate doubled from 0.17 to 0.34 of 1000 AEs.

Only two studies®*7 have examined SRC incidence in collegiate football players alone.
From 1999-2001, a total of 2905 football players were tested at preseason baseline and were

followed up prospectively to ascertain SRC occurrence and for repeat SRCs, until completion of

their collegiate football career.?® With only 94 SRCs sustained, the overall rate of incident SRC
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was .81 per 1000 AEs.® Additionally, 35.1% of the concussed individuals had repeat injuries
within the last seven years.3¢ Lastly, players who reported a history of three or more previous
SRCs, were three times more likely to have an incident SRC than players with no SRC history.5¢
In contrast to the study of Guskiewicz et al.,*® two recent studies®*® examined the epidemiology
of SRCs in 25 NCAA sports, instead of the sport of football alone. Both studies had the exact
same injury rate of 4.47 per 10,000 AEs, with the largest SRCs occurring in football, men’s ice
hockey, and women’s soccer.®® Additionally, both studies found 9.0% of the sustained SRCs to
be recurrent.®*® Lastly, a similar study examined six NCAA sports, and found the SRC incidence
to be slightly higher with a rate of 5.47 per 10000 AEs.*

In comparing high school and collegiate injury rates, Gessel et al.* determined that there
was a higher rate of SRCs in collegiate sports (0.43 concussions per 1000 AEs) than high school
sports (0.23 concussions per 1000 AEs). This is contrary to the findings of the study conducted
by Guskiewicz and colleagues,’® who reported a greater injury rate of SRCs for high school
football athletes compared to collegiate football athletes. Reasons for the higher rates of SRCs at
the high school level was attributed to a higher percentage of high school players being exposed
to contact compared to players on a division I team and high school players play both offensive
and defensive positions, which accounts for more tackling and contact during practices and
games, which in returns increases their total exposure.”® It is important to note that Gessel and
colleagues* did conclude that SRCs consisted of a greater quantity of total injuries sustained by
high school athletes than by collegiate athletes in all sports except volleyball and men’s

basketball.
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Competition vs. Practice Injury Rates among High School and Collegiate Athletes

A majority of epidemiology studies state that SRCs are higher in competitions rather than
in practices.**>7884 More specifically, rates ranged from .53-.87 for competitions and .11-.26
for practices, with SRCs occurring more in competitions.>*?*> However, many studies differed
based on increased rates of SRCs in practices compared to competitions in a variety of sports.
Gessel et al.* found that out of the nine high school sports, seven sports had a higher rate of
SRCs in competitions compared to practices, with the exception of girls’ softball and volleyball.
In contrast, O’Conner et al.> found that most high school sports had significantly higher SRC
rates in competitions than in practices, except for boys’ baseball and tennis and girls’
gymnastics, swimming and diving, and indoor and outdoor track and field. Furthermore, Marar
et al.?> found the rate of SRCs higher in competition than in practice for all high school sports,
except cheerleading. In addition, with regards to recurrent SRCs, competitions remained higher
than practices of incurred SRCs, except for volleyball and softball.®* Moreover, boys’ soccer had
the highest risk of recurrent SRCs in competitions compared to practices, followed by girls
soccer.3

There is limited research that has examined the SRC injury rates among competitions and
practices in the collegiate setting. Results are similar to the high school SRC injury rates, in
which SRCs are sustained higher in competitions than in practices.>36388%91 More specifically,
two studies examined the SRC injury rates in NCAA football players only.3¢! Both studies
stated SRCs were sustained higher in competitions than practices and had similar injury rates
(i.e. 3.81 vs. 4.46 competitions and .47 vs. .92 practices) per 1000 AEs.**°! In addition, Houck et

al.’! found the number of SRCs in competitions were highest for special teams, followed by
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linebackers and wide receivers, while in practices SRCs rates were highest in offensive line,
followed by wide receivers, and special teams.

Within recent years, there was a need to for updated incidence information, specifically
examining all sports instead of the sport of football alone. Two studies reported over a five-year
period, examining the SRC rates in NCAA sports, and found injury rates were higher in
competitions than practices.®** Zuckerman et al.® reported 12.81 per 10,000 AEs in competitions,
with 2.57 per 10,000 AEs occurring in practices, in all sports except men’s indoor and outdoor
track, women’s outdoor track and women’s cross-country. This was similar to Wasserman et al.®8
with the competition injury rate at 14.59 per 10,000 AEs and practice rate at 2.57 per 10,000

1.% found higher SRC rates in competitions than practices and was

AEs. Similarly, Covassin et a
seen in all sports. Furthermore, they found the highest SRC injury rates in men’s ice hockey,
followed by men’s lacrosse, and women’s soccer in competitions and the highest SRC injury
rates in women’s basketball, women’s ice hockey and women’s soccer in practices.® In contrast,
Zuckerman et al.® found the highest SRC rates in men’s wrestling, football and men’s ice hockey
in competitions and the highest SRC rates in men’s wrestling, football and women’s basketball
in practices. However, it is important to note, that these studies did not examine the same sports,
which explains the differences shown above.*%’
SRC Injury Rates among High School and Collegiate Athletes in Sex-Comparable Sports
Epidemiological data gathered at the high school level suggest that sex differences exist
in SRC rates. More specifically, girls sustain more SRCs than boys in sex-comparable sports (i.e.
soccer, baseball/softball, track & field, swim and dive, basketball).>*2>798085 A few studies have

suggested that girls are at a 1.5 to 2 times greater risk than boys when incurring a SRC at the

high school level.>?°%° Furthermore, recurrent SRCs within sex-comparable sports, with the
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exception of track and field and swimming and diving, girls have a greater percentage of
recurrent SRCs compared to their male counterparts.*®

Only two studies have investigated SRC injury rates among collegiate athletes in sex-
comparable sports.®® Both studies suggest that females are at a greater risk of sustaining a SRC
in most sex-comparable sports compared to males. Zuckerman et al.® reported sex differences in
four out of five sex-comparable sports. Specifically, women’s soccer, basketball, lacrosse, and
softball all reported higher overall SRC rates compared with their male counterparts, with the
exception of ice hockey.® Similarly, Covassin and colleagues®® examined sex-comparable sports
and found females had a 1.4 times higher overall SRC rate than males, with greater rates in
women’s baseball/softball, basketball, ice hockey and soccer. However, the only sport in which
males had a higher SRC injury rate than females was lacrosse, with a 1.1 times greater risk for
incurring a SRC in either practice or competition.®” In contrast, female softball players had
almost a 2 times greater risk compared with male baseball, female soccer players had a 1.54
times greater risk compared with male soccer players, female basketball players had a 1.4 times
greater risk compared with male basketball players and female ice hockey players had a 1.1
times greater risk compared with male ice hockey players.®
Mechanisms of SRCs among High School and Collegiate Athletes

Epidemiological studies have also investigated SRC injury patterns by sport in terms of
mechanisms. The most common mechanism of a SRC injury was player-to-player contact.?>3+2
More specifically, Marar et al.?* found the most common mechanism of SRCs, across 20 high
school sports, were player-player contact (70.3%) and player-to-playing surface contact (17.2%).

1'92

Similarly, Meeham et al.”” found the most common injury mechanism was player-to-player

contact (76.2%), followed by contact with the playing surface (15.5%) and contact with a
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playing apparatus (7.7%). The most common type of high school player-to-player contact was
head-to-head collisions (52.7%), followed by 38.9% resulted from collisions between the head of
the injured athlete and a different body part of another player, and lastly 8.4% resulted from the
injured athlete’s head striking the playing surface secondary to player-to-player contact. Castile
et al.3* furthered examined new and recurrent SRCs mechanisms, which resulted in the highest
from contact with another person (73.4% and 77.9%, respectively). In sex-comparable sports,
boys had a higher proportion of sustaining SRCs from player-to-player contact (73.4%) than girls
(55.6%), however, this sex difference held true for new SRCs, but did not for recurrent SRCs.%
Conversely, girls had a higher proportion of SRCs from contact with the playing surface (25.3%)
than boys (16.4%), however, this difference held true for new SRCs, but did not for recurrent
SRCs %

Lastly, only two studies have examined mechanisms of sustained SRCs in the collegiate
setting and aligns with mechanisms of SRCs in the high school setting.®%¢ The most common
mechanism was player-to-player contact. Guskiewicz and colleagues®® utilized a prospective
cohort study to examine mechanisms of SRCs sustained by NCAA football players. They found
the most common SRC mechanisms were collision with an opponent (37.8%), tackling an
opponent (21.4%) being tackled by an opponent (16.8%) and blocking an opponent (14.8%).5
Likewise, Zuckerman et al.® found the most common mechanism of injury, across 25 sports, to
be player-to-player contact, however the injury mechanism—activity combinations varied by
sport.

Estimating the true prevalence and incidence rates for SRCs is a challenging task,
specifically due to study designs (retrospective vs. prospective), differences between sample

populations (i.e. age groups, rules), differences in calculating injuries rates (i.e. AEs) and
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different definitions of SRCs across the years. Furthermore, a number of SRC epidemiology
trends occurred across multiple studies in regard to incidence, mechanisms, sex-comparable
sports, and symptoms. First, the incidence of SRCs was ranked highest in football, ice hockey,

1 3,6,25,79,80,84,85,88,

women’s soccer, boys’ lacrosse and women’s basketbal % Second, the injury

rates and the likelihood of a SRC occurring was found to be highest in competition than

4,6,25,78,84,

practices. 8890 Third, the most common mechanism for sustaining a SRC was player to

-6.25.78.84.9092 Fourth, females sustain a higher number of SRCs compared to males

player contact.’
in sex-comparable sports.*2>7% Future studies regarding epidemiology of SRCs should
continue to improve the efforts of defining what a SRC is and become more accurate in
determining the prevalence and incidence of SRCs, while using more precise methodical
practices.

2.1.4. Sex Considerations in Sport-Related Concussions

Student-athletes that compete at the high school and collegiate levels, are at an all-time

high with sport participation. Within the National Federation of State High School Associations,
nearly eight million high school athletes participated in athletics during the 2017-2018 academic
years.”> Moreover, almost 500,000 athletes competed in the NCAA within the 2017-2018
academic years, with an increase of more than 3,000 since 2016-2017.”* Furthermore, girls’ and
women’s sport participation has increased steadily at both the high school and collegiate levels,
throughout the 20" century.”>** The steady increase in male and female sport participation at

both the high school and collegiate levels, have prompted researchers to investigate sex

differences in SRCs and related outcomes.
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2.1.4.1. Symptoms

Healthcare professionals depend on self-reported symptoms and remains an area of
importance in the management of concussed individuals. However, researchers suggest athletes
may hide or minimize their symptoms for a variety of reasons, such as feelings of guilt from
letting their team down, did not want to see a physician, did not think it was serious enough to
warrant medical attention or did not want to lose playing time.”®” The majority of research
suggest that concussed female athletes report more SRCs symptoms and take longer to become
asymptomatic than concussed male athletes.”®!* Furthermore, a recent study found the average
symptoms recovery time for females was 75 days, compared to males who took an average of 49
days to recover from their SRC.!% Sex differences have been examined in the type of symptom,
following a SRC. Males are more likely to report amnesia and confusion/disorientation as a
primary symptom, yet females report more drowsiness and sensitivity to light following a
SRC.!1%:197 Moreover, females significantly rate headache, pressure in head, feeling slowed
down, difficulty concentrating, feeling more emotional, irritability, and sadness higher than
males.”” When examining symptoms that are grouped into clusters, concussed females present a
greater number of symptoms in the somatic, migraine, cognitive, fatigue, and emotional clusters
compared to concussed males.”:108-110

2.1.4.2. Neurocognition

In addition to sex differences in symptoms, researchers have also investigated differences
between male and female athletes in neurocognitive function following a SRC. A majority of
researchers suggest that female athletes have greater neurocognitive impairments in reaction time
and visual memory, when compared to male concussed athletes.”®!!!"!'3 Additionally, concussed

females are cognitively impaired 1.7 times greater than concussed males.'!* In contrast, other
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researchers have reported no differences in neurocognitive performance following a SRC.
Sufrinko et al.''®> examined sex differences in neurocognitive performance in adolescents aged 9—
18 years. Their results revealed no differences between male and female concussed athletes on
any of the Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT)

neurocognitive assessment outcomes.''> Similarly, Zuckerman et al.!'®

reported no differences
on neurocognitive performance among male and female adolescent soccer athletes.
Discrepancies in findings may be due to methodological differences such as age, neurocognitive
outcome measures and sample size differences.

Dizziness has been reported as the second most common self-reported symptom by
concussed athletes 832117118 Athletes who report dizziness as a symptom, typically present with
obvious balance and vision difficulties.'!* With respect to the prominent symptom of dizziness, it
has become apparent that SRC testing should include a vestibular/ocular component in the
assessment and management. Very little research has examined sex differences in vestibular and
ocular outcomes following a SRC. Currently, the Balance Error Scoring System (BESS) is the
most frequently used evaluation for assessing balance following a SRC. However, two new
measures, the Vestibular and Ocular Motor Screening (VOMS) and the King-Devick (KD), are
up-and-coming in vestibular and ocular testing.

2.1.4.3. Vestibular-Ocular Motor

Some researchers have suggested that sex may affect an athlete's vestibular and ocular
outcomes after a SRC. One study administered the VOMS to concussed athletes and found
female athletes performed worse on the vestibular and ocular reflex (VOR) component of the

VOMS compared to male athletes.!'> However, the other reflex components did not show

significant differences based on sex, which lead researchers to believe that only certain vestibular
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impairments may display sex differences, after sustaining a SRC.!'> Recently, sex differences
were found in a study assessing dizziness and vestibular-oculomotor performance at 1, 2, 3, and
4 weeks post-concussion.’® Overall, reported dizziness and vestibular-oculomotor symptom

t.>° These results are

scores were greater for females and lower for males at each time poin
indicative of a longer recovery on vestibular and ocular outcomes in female athletes following a
SRC. Lastly, Covassin and colleagues!'®* results found college female athletes scored
significantly worse on the BESS than male college athletes, however high school male athletes
scored slightly worse than high school female athletes on the BESS. Similarly, chin et al. also
found high school and collegiate male athletes performed worse on the BESS, compared to high
school and collegiate female athletes.!** In contrast, other researchers have not found sex
differences among vestibular/ocular motor performances. In a recent study by Pearce et al.,’
near point convergence was assessed in males and females following their SRC. Results
indicated that sex did not have an impact on convergence insufficiency, which was reported
within a portion of the study population.’” Another study found similar findings of no sex
differences, however this study evaluated the KD and the modified BESS.!'?° Likewise, Sufrinko

etal.!’?

reported no significant differences between males and females following a SRC on the
BESS.
2.1.4.4. Explanations to Sex Differences
Researchers conducting epidemiological studies have identified differences in SRC
incidence between male and female athletes. Possible explanations of why differences are seen
with concussed females are attributed to neck muscular strength'?!, less neck girth!?!, less head-

neck segment!?!, greater head neck peak angular acceleration'?!, reporting rates!!’, the

physiological system.!?!122123 Researchers have reported that physically active females had less
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neck strength (49%), neck girth (30% ) and head mass (43%), resulting in lower levels of head-
neck segment stiffness (29%) compared to their male counterparts.'?! In addition, Tierney et
al.!?! found 50% greater head-neck segment acceleration and 39% displacement than males.
Tierney et al.!** further investigated sex and soccer headgear no head impact kinematics and
dynamic stabilization during soccer heading. They also found that female soccer players
exhibited greater head accelerations (32-44%) compared to male soccer players.!>* However,
Lovely and colleagues'? did not find significant difference between male and female soccer
athletes in neck strength or time to peak torque. Another area of concern for investigators is the
physiology of males and females and whether estrogen has an effect in regards to a SRC.!??
Animal models have shown that estrogen treatment before experimentally induced brain injury
has protective effects for male rats, but detrimental effects for female rats.'?> Also, sex
differences have been attributed to neuroanatomical cerebral blood flow in the brain.!%!123
Researchers have suggested that females have a higher cerebral blood flow rate, coupled with a
higher basal rate of glucose metabolism which may exacerbate the neurometabolic cascade.'*?
Considering differences in neuroanatomy, females have a greater area of unmyelinated neuronal
processes, while males have a greater number of cortical neuronal densities.!?"'?? Lastly, it has
been reported that females have more knowledge in regards to SRCs and report more than their
male counterparts.”®!!” Reasons to why males do not report their SRCs were due to not wanting
to leave the game/practice, fear of letting teammates/coaches down, not knowing and
understanding the seriousness of a SRC.!!7:126:127 Thys, it may be important to manage females
differently with a more conservative or targeted rehabilitation and we should consider

differences among biomechanics, physiology, and reporting rates.
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Overall, a majority of the SRC literature suggest that differences exist in the assessment
and management among concussed male and female athletes. Moreover, females are at a greater
risk of SRCs, greater neurocognitive impairments, more self-reported symptoms, and longer
recovery times. As a result, it is vital that clinicians utilize an individualized, multi-faceted
approach in their assessment and management SRC practices and the “one size fits all” criteria
should not be used in the management and return to play decisions. Furthermore, healthcare
professionals should be aware of potential sex differences between male and female concussed
individuals and should compare symptoms, post-concussion neurocognition, vestibular/ocular
motor test results to either the athlete's baseline test or to sex comparable norms.

2.2. Assessment and Management of Sport-Related Concussions
2.2.1. Symptoms

Concussed athletes can present with a wide variety of signs and symptoms, which can
occur alone or in combination with each other, thus making every concussed individual a unique
case. While some athletes experience symptoms immediately, other athletes may experience
delayed symptoms that can last hours, days, weeks or months. Self-reported symptoms, both at
baseline and post-concussion, help provide subjective information that an athlete is experiencing,
along with the severity, duration and intensity of those signs and symptoms. It is recommended
to use a standardized symptom checklist, as they provide moderate-good sensitivity to
SRCs. 10128129 There are numerous tests for symptom monitoring, which include the post-
concussion symptom scale,'** head injury scale,'*! concussion symptom inventory'*? and the
Sport Concussion Assessment Tool 5 (SCATS5).” Within these scale, there are over 20 symptoms
that an athlete may experience after sustaining a SRC. Furthermore, the evaluation of symptoms

with a symptom checklist is a quick and cost-efficient practice for sports medicine personnel to
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implement in their clinical evaluation of concussion.!** When conducting a baseline assessment
of signs and symptoms, healthcare professionals will be provided with an accurate read of what
normal symptoms and their intensities are for that particular athlete. Individuals may present
with symptoms and some severity on their baseline examination, which further outlines the
importance of a symptom assessment prior to the start of an athletic season. It’s been reported
between 50-92% of athletes, may experience at least one symptom during their baseline
assessment, 134136

When an athlete sustains a SRC, he/she may present any of the following signs of injury:
lying motionless on the playing surface, balance/gait difficulties/motor incoordination/stumbling,
slow/labored movements, disorientation or confusion, inability to respond appropriately to
questions, blank or vacant look, facial injury after head trauma, loss of consciousness (LOC),
and/or inappropriate emotion or behavioral reactions.”!'! Additionally, it is important to examine
retrograde and anterograde amnesia after a sustained SRC. Retrograde amnesia is defined as the
inability to recall events in which occurred before the time immediately preceding the SRC,
whereas anterograde amnesia refers to the inability to recall events immediately following the
SRC.17 Lastly, it is vital to assess the Glasgow Coma Scale, which involves the level of
consciousness for eye, verbal and motor responses. '

In addition to these commonly observed signs of a SRC, athletes may self-report a variety
of somatic, cognitive, emotional and sleep symptoms.® Somatic symptoms are those that
physically affect the body and can include headache, nausea/vomiting, sensitivity to light or
noise, sleep disturbances, and balance problems. Cognitive symptoms affect the mental abilities
and processes, which can include difficulty concentrating or remembering, confusion, fogginess

and memory loss are present following a concussion. Emotional symptoms are those causing a
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change in personal lability such as irritability, sadness, nervous/anxious.’ The most commonly
reported symptom, and is the hallmark symptom of a SRC, is a headache. Previous research has
indicated that between 50-95% of individuals suffering a SRC, report with a
headache.36-110-131.139.140 Tp a4dition to headaches, researchers have determined the following
symptoms to be common among high school and collegiate athletes: dizziness, fatigue, difficulty
concentrating, visual disturbances and feel like in a fog.2>#%9213%141 previously, LOC was
considered a key identifier of a SRC, however, less than 10% of all concussive injuries report
having a LOC.!19092.142-144

Healthcare professionals are not only responsible for detecting, assessing, managing and
making return-to-play decisions regarding SRCs, but they also need to rely on athletes being
honest and knowledgeable of the signs and symptoms of a SRC. Currently, consensus
statements, media, and general public awareness are improving the detection and education of
SRCs to athletes, coaches, parents, referees, administrators, and clinicians.>!'! However, it is not
surprising that many SRCs still go undetected or unreported. Undetected or unreported SRCs can
lead to an increased risk of subsequent injury, prolonged recovery and long-term consequences
in the student-athlete.!*>!4¢ Athletes may fail to recognize that a SRC has occurred if they are
unfamiliar of the 20+ symptoms of a SRC or only experience less commonly recognized
symptoms. Other reasons why SRCs may go undetected or underreport include did not feel it
was serious enough to warrant medical attention, did not want to be removed from play, did not
want to let the teams down lack of knowledge; internal pressure and sport culture, °%!17:126.147
2.2.2. Neurocognitive Testing

Another main area of SRC evaluation and management is neurocognitive testing.

Traditionally, paper and pencil neurocognitive test batteries were introduced in the 1980s,
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however in the past two decades, computerized neurocognitive tests have been shown to be more
sensitive, efficient and convenient than the traditional tests.'” In addition, it has several claimed
advantages over the traditional paper and pen tests including the ability to: 1) baseline test
multiple athletes simultaneously, 2) administer and interpret tests in the absence of
neuropsychologists, 3) maximally standardize components of test administration, 4) readily use
alternate test forms (randomized presentation of stimuli), 5) quantify reaction time, 6) take
advantage of centralized data repositories, 7) athletes serve as their own control, which
minimizes any confounding factors such as age, sex, learning disability.!*%!4° Lastly,
neuropsychological testing has been the gold standard in documenting deficits in cognitive
function and is useful in detecting deficits following a SRC.!® Yet when used in isolation, this
technique does not provide clinically adequate sensitivity to concussion.'?%143150 Therefore,
neurocognitive testing should never be used in isolation, but rather in conjunction with symptom
and motor-control assessments to support the clinical assessment and management. However,
there is controversy among computerized neurocognitive testing such as baseline testing
practices (i.e. testing athletes in group settings that contribute to poor estimation of premorbid
abilities),'*"*!>? limited assessment and psychometrics training of some professionals who
administer and interpret the tests, and the fact that much of the research has been conducted by
the test developers themselves. !>

Neurocognitive test batteries administered to concussed athletes should evaluate multiple
aspects of cognitive function. The neurocognitive domains most susceptible to change in the
days following a SRC include attention and concentration, information processing
speed/efficiency, learning and memory, working memory, executive function and verbal

fluency.!*!>* These neurocognitive domains can be found in both pencil and paper and
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computerized tests. Common paper and pencil tests include the Digit Span, Controlled Oral
Word Association Test, and Hopkins Verbal Learning tests which were most commonly targeted
at older collegiate and professional athletes that participated in sports with a high risk of a
SRC.!%!155 The most common computerized tests include Automated Neuropsychological
Assessment Metrics (ANAM), Cogstate Axon, Concussion Vital Signs, Headminder Concussion
Resolution Index (CRI), and Immediate Post-Concussion Assessment and Cognitive Testing
(ImPACT).'® Computerized neurocognitive testing has been shown to be effective in identifying
the subtle changes in cognitive function following concussion.!*

During the early phases of neuropsychology in assessing and managing SRCs, brief
batteries were comprised of the traditional paper and pencil tasks. Traditional tests are
reasonably reliable, valid and sensitive to the effects of sports concussion.'®!3” They can be
selected to fit the specific needs of the athlete and domains of neuropsychological importance.'>®
However, traditional tests require face-to-face examination, which may introduce variance in test
administration and scoring. These tests are also more labor-intensive, especially in sports
settings, while conducting baseline testing in large numbers of athletes.'*® While effective in
distinguishing between concussed athletes and controls in the hours and days following
mTBI, %1515 these batteries were difficult to administer to large groups of individuals because
they required one-on-one test administration. Belanger and Vanderploeg'®® conducted a meta-
analysis on six cognitive domains between concussed and controls. They found an overall effect
size for acute assessment of SRCs (d = 0.49) to be comparable to that of mTBIs in the general
population (d = .54).'%° Effect sizes for studies employing a control group were large (d = 0.89),
whereas those based on intraindividual comparisons (baseline-post-injury) were less robust (d =

0.19), largely due to practice effects.'®® Acute effects of concussion were greatest for delayed
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memory, memory acquisition, and global cognitive functioning.'*’ No significant effects were
found after 7-10 days post-injury although the authors did note that delayed memory remained
problematic 7 days post-injury in studies that employed a control group.'®®

More recently, computerized batteries are portable and efficient for the collection,
synthesis and storage of large amounts of data. Clinical end-user reports are often immediately
available. Broglio and Puetz®® examined 39 studies spanning 4,145 concussed athletes and
controls, on neurocognitive function. They reported an average effect size of -0.81 for
neurocognitive functioning assessed acutely, with larger effect sizes for studies employing a
control group (g = -0.92) compared to those without a control group (g=-0.63).>® Reduced effects
were found for all neurocognitive testing in follow-up assessments.>® Using an average retest
interval of 6 days, Iverson, Lovell and Collins'®! reported test-rest correlations ranging from .67
to .86 on the four major InPACT domains. In contrast, Broglio and colleagues'?® reported low to
moderate test-retest stability on three contemporary computer-based programs with ICCs of .15
to .65. In terms of establishing sensitivity and specificity, the assessment period following a SRC
must occur while the neurocognitive effects of a concussion are most evident. It is well
established that approximately 80-90 % of adult athletes will self-report a full symptom recovery
within 7 to 10 days,*® and that effect sizes on cognitive testing are largest during the acute period
within the first 7 days after injury.>%!6

2.2.3. Vestibular and Ocular Motor Testing

Another imperative area of interest for SRC assessment and management practices
include neuromotor and motor control testing. It is recommended that all athletes should have a
clinical neurological assessment (including evaluation of mental status/ cognition, oculomotor

function, gross sensorimotor, coordination, gait, vestibular function and balance) as part of their
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overall management care.”!? Changes in motor control after a sustained SRC have been

t,162’163

documented in several areas, including gai postural control,'>!¢41% and hand

movement.'®” Furthermore, the assessment of 1 or more motor-control domains can provide

t.19 Overall balance deficits after

valuable information for SRC assessment and managemen
injury have been attributed to failure to integrate sensory information arising from the vestibular
and visual components of the balance mechanism.!®*1%¢ The most popular and widely used by
clinicians to assess vestibular and ocular-motor dysfunction relayed to balance is the Balance
Error Scoring System (BESS).!%!6® Recently, new tools have emerged that have shown promise
in assisting in the evaluation of vestibular and ocular-motor dysfunction related to SRCs that are
not currently highlighted in the position and consensus statements.'®-!> Examples of these
newly developed SRC tools include the King-Devick (K-D), Sway Balance, and Vestibular and
Ocular Motor Screening (VOMS) tests.

Recently, researchers have reported that vestibular impairments are common after a SRC
and may delay recovery from this injury.?!"!’* Dizziness has been reported by 50% of concussed
athletes!” and is associated with a 6.4-times greater risk, relative to any other on-field symptom,
in predicting protracted (21 days) recovery.!”® The vestibular system is a complex network that
includes small sensory organs of the inner ear and connections to the brainstem, cerebellum,
cerebral cortex, ocular system, and postural muscles.!”” This system provides information
regarding head movements and positions to maintain visual and balance control and consist of
two distinct functional units, 1) vestibulo-ocular system and 2) vestibulospinal system.!”” The
vestibulo-ocular system maintains visual stability during head movements, whereas the
vestibulospinal system is responsible for postural control.!”” Impairments in the vestibulo-ocular

system commonly manifest as symptoms of dizziness and visual instability, while the
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vestibulospinal system dysfunction commonly results in disrupted balance.!”® Because these two
functional vestibular networks do not share identical neuronal circuitry, it is possible to have
impairments of the vestibulo-ocular system without impairments of the vestibulospinal
system.!” In addition to vestibular impairments, ocular motor impairments are also common
after concussions.'%’ Nearly 30% of concussed athletes report visual problems during the first
week after the injury.!”®

It is vital to understand the central nervous system’s (CNS) feedback mechanism for
maintaining postural equilibrium. Maintaining equilibrium requires the CNS to process and
integrate afferent information from the visual, somatosensory, and vestibular systems to execute
appropriate and coordinated musculoskeletal responses.”® Feedback, obtained from sensors
housed within the three systems, sends commands to the muscles of the extremities, which then
generate an appropriate contraction to maintain postural stability.!3%!8! The primary purposes of
the human vestibular system are to maintain the eyes fixed on a stationary target in the presence
of head and body movement and maintain balance in conjunction with additional information
from visual and somatosensory inputs.?® To accomplish the first, the semicircular canals of the
vestibular labyrinth sense angular acceleration of the head, converting it to velocity information,
and sending it through the vestibulo-ocular reflex pathways to the ocular muscles.?® Secondly,
balance is maintained by central integration of vestibular, visual, and somatosensory orientation
information.?® The vestibular system provides angular information from the semicircular canals
and linear acceleration information from the utricles and saccules of the inner ear and transmits it
via the vestibulospinal spinal tract to the spinal and lower extremity muscles.?

Balance assessments can be accomplished using a variety of techniques and tools capable

of quantifying or qualifying different characteristics of balance. Balance can be assessed utilizing
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static conditions, dynamic conditions or more functional tasks. Postural stability deficits are
commonly seen in 30% of athletes suffering a SRC.'¥? Additionally, balance disturbances have
been noted to return to normal within 72 hours; however, prolonged damage may last more than
7 days beyond the initial injury.'®>!83 Currently, force plate technology is the gold standard for
balance measurement.'** Additionally, newer postural control applications using mobile
technology are now emerging for assessing SRCs. However, clinicians often do not have access
to research caliber balance technology or paid prescriptions to mobile applications and must rely
on efficient, and cost-effective balance tests.

The BESS test is one of the most commonly used balance measures used by researchers

1'% conducted a study that investigated

and practicing clinicians. Guskiewicz, Ross, and Marshal
the postural stability following a SRC in collegiate athletes. Participants underwent pre-season
BESS baseline testing and were given a matched control following a concussive event.!%® The
concussed subject and their matched control were reassessed on the SOT and BESS at days one,
three, and fives following injury.'®® Results found that injured subjects had significant decreases
in postural stability at day one compared to their own baselines and the performance of their
matched control, while no differences were seen at the other two time points.'*® Return back to
BESS baselines for the concussed subjects occurred between days one and three post-injury.'®
Another study conducted by Guskiewicz?®, examined the sensitivity of the BESS test in college
football players. The study revealed that concussed football players deviated from their baseline
BESS measurements by 5.7 errors when tested immediately following the game or practice in
which the injury occurred.?® Systematic reviews have also been conducted on the BESS

test.!82185 Both studies found moderate to good reliability and moderate to assess balance

disturbances in athletes with concussions.!3>!%> As a result, it is important for healthcare

38



providers to choose a balance measure that is feasible in their setting and that those
administering the assessment are properly trained in the evaluation and return to play
management of SRCs.

Until recently, all vestibular impairments after SRCs were commonly assessed using the
BESS!3 or the SOT.'"¥” However, these measures are static assessments and only represent the
vestibulospinal aspect of the vestibular system and do not address dynamic aspects of the
vestibular system or vestibulo-ocular control.!®’ Vestibular and oculomotor impairment and
symptoms may be associated with worse outcomes in the subacute (1 week—3 months) time

17! observed that patients with vestibular

periods after a SRC.!""!7® Furthermore, Corwin et al.
insufficiency at their first clinical visit were more likely to exhibit protracted recovery,
specifically, abnormalities on VOR testing or tandem-gait performance, resulted in an average
recovery time of 59 days.!”! Mucha et al.'®® described and provided initial data for the internal
consistency of a new brief clinical screening tool of vestibular and ocular motor impairments and
symptoms after SRCs and has been previously reported to have moderate-high reliability,
validity, and sensitivity when tested over multiple trials in concussed athletes.!®!73:188 Their
results found 61% of patients reported symptom provocation after at least one VOMS item.'®
Furthermore, Elbin et al.!®® examined concussed athletes on all components of the VOMS and
found significance at two timepoints (1-7 days and 8-14 days) compared to baseline.
Additionally, change scoring revealed postinjury impairments compared with baseline on all
components at 1 to 7 days, however impairments at 8 to 14 days were revealed only for the
vertical vestibular oculomotor reflex and vestibular motor sensitivity.'®” The vestibular-ocular

reflex (VOR) and the visual motion sensitivity (VMS) components of the VOMS were most

predictive of being in the concussed group.'® A near point of convergence (NPC) distance 5 cm
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and any VOMS item symptom score >2 resulted in an increase in the probability of correctly
identifying concussed patients of 38% and 50%, respectively.!® Moreover, convergence
insufficiency (CI) is a common binocular vision deficit after a SRC.>” CI may result in visual
discomfort and vision-mediated functional difficulties such as slowed reading and compromised
attention, leading to impaired academic, work, and sport performance.’” Two authors®’-!?
examined CI in concussed athletes approximately 5 days after their sustained SRC and found that
the CI group had significantly poorer performance on the near point convergence (NPC)
compared to the normal group and the CI group took significantly longer to recover from their
SRC than athletes with normal NPC. Lastly, it important to identify specific vestibular/ocular
motor abnormalities and their associated prognosis, so it will aid clinicians in the management of
concussed athletes.

2.2.4. Evaluation and Return to Sport Participation

It wasn’t until 2009, that the US legislation addressed reporting, documentation and

management of concussions.'®! The first concussion law was signed on May 14%, 2009, by the
governor of the state of Washington, after a devastating head injury to a 13-year-old, high school
football player.!? Zackery Lystedt suffered an initial concussion in the second quarter of the
football game and was allowed to return back to play, despite suffering from multiple signs and
symptoms.'*! He later sustained multiple blows during the game, collapsed on the field and
underwent emergency brain surgery.!®! Fortunately, he survived, but had significant neurologic
injury and permanent disability.!”! This incident lead to the creation of the Zackery Lystedt Law,
which went into effect in 2009, and has three essential components: 1) education of athletes and
parents/guardians regarding concussions, 2) removal of the athlete from practice or play at the

time of a suspected concussion or head injury, and 3) return to practice or play only with the
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written permission of a licensed health care provider trained in the evaluation and management
of a concussion.!”? Since the creation of the Zackery Lystedt Law in 2009, all 50 states and the
District of Columbia have enacted a concussion law that are centered around the three main
pillars of the Zackery Lystedt Law. While these laws show promise to the people of the states,
additional research is needed to learn if these strategies are being implemented and are educating
the community, while protecting our youth from SRCs. Additionally, there are several
similarities found between most states which include coverage entities, information forms, and
education programs, however there are major differences between states that are based on the
compliance of all three pillars of the Zackary Lystedt Law, immediate removal, written
clearance, and who clears the concussed athlete for return-to-play.

To-date, there are no gold standards pertaining to the assessment and management of
SRCs. However, it is important to establish a concussion management protocol to maintain
consistency of care and ensure that proper procedures are followed when making critical

decisions.!”* Several concussion position'® and consensus statements’!!

and state legislation
have discussed the appropriate actions when evaluating a concussed athlete. These actions can
include 1) the player should be evaluated by a physician or another licensed healthcare
professional, if they show any signs and/or symptoms of a SRC, 2) the concussed athlete should
be safely removed from practice/play and be referred to a physician as soon as possible and
should not be allowed to return to play on the day of injury, and 3) the athlete should not be left
alone after the injury and the healthcare provider should monitor for deterioration over the initial
few hours after injury.”!! Once a healthcare professional conducts a medical assessment, which

should include a comprehensive history and detailed neurological examination including a

thorough assessment of mental status, cognitive functioning, sleep/wake disturbance, ocular and
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vestibular function, gait and balance, the provider should determine the clinical status of the
patient and the need for emergent neuroimaging to exclude a more severe brain injury.’!!

The process of recovery and return to sport participation, after enduring a SRC, follows a
graduated stepwise progression. After a period of initial rest (24—48 hours), symptom-limited
activity can begin, while staying below a cognitive and physical exacerbation threshold (Table
1).>!! Once concussion-related symptoms have resolved, the athlete should continue to proceed
to the next level if he/she meets all of the criteria, without a recurrence of concussion-related
symptoms.”!! Each level of the progression should take 24 hours, which will result in a
minimum time of one week to proceed through the full rehabilitation protocol, once the
concussed athlete is asymptomatic.”!! If any concussion-related symptoms occur during the
stepwise approach, the athlete should return back to the previous asymptomatic level and attempt
to progress again, after being free of concussion-related symptoms for a further 24-hour period at
the lower level.!! In athletes who experience prolonged symptoms and resultant inactivity, each
step may take longer than 24 hours, due to the limitations in physical conditioning and recovery
strategies.” In addition, the time frame for return to sport participation may vary due to a variety
of risk factors, thus the management of the concussed athlete should be individualized.’ In
conjunction with the graduated stepwise progression protocol, each concussed athlete should
return to their pre-injury baseline normative values on symptoms, neurocognitive and postural
stability tests.’ Lastly, a concussed athlete should not return to athletic participation until
evaluated and cleared by a physician or a licensed healthcare professional, specifically trained

and experienced in concussion evaluation and management.’

42



Table 1. Graduated Return to Sport Strategy. From “Consensus statement on concussion in sport

— The 5" international conference on concussion in sport held in Berlin, October 2016,” by

McCrory, P., et al. 2017. British Journal of Sports Medicine. 47(5), 250-258.°

Stage | Aim Activity Goal
1 Symptom-limited | Daily activities that do not provoke | Gradual reintroduction
activity symptoms of work/school
activities
2 Light aerobic Walking or stationary cycling at Increased heart rate
exercise slow-medium pace
No resistance training
3 Sport-specific Running or skating drills Add movement
exercise No head impact activities
4 Non-contact Harder training drills Exercise, coordination
training drills May start progressive resistance and increased thinking
training
5 Full contact Following medical clearance, Restore confidence and
practice participate in normal training assess functional skills
activities by coaching staff
6 Return to sport Normal game play

Most position and consensus statements regarding concussions provide recommendations
for both physical and cognitive rest, however these guidelines do not provide information on the
timing, duration, type or other specifics related to physical and cognitive rest.!** This has lead
researchers and clinicians to question whether rest is the best strategy after enduring a SRC and

195,196

some evidence suggest that active treatment strategies may be more beneficial to patients

during the recovery process. According to a recent systematic review!**

, their findings suggest
that the initial period of moderate physical and cognitive rest may improve outcomes during the
acute post-injury phase and additional research is needed to empirically validate the effectiveness
of graded return to sport progressions. By adding high-quality, prospective research to the body

of literature in regard to rest and return to sport progressions, this will provide an evidence-based

guide for managing patients with a SRC.
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2.2.5. Return to Learn
Following a SRC, the top priority for adolescents is a safe and effective return to school,
followed by a successful return to sport. Moreover, adolescents should not return to sport until
they have successfully returned to school, however early introduction of symptom-limited
physical activity is appropriate.” While return to play practices have been extensively researched
and protocols are widely adapted, returning to school or return to learn, have received

197.198 and consensus statements”™!'! have developed

considerably less attention. A few authors
recommendations for academic re-entry and accommodations after sustaining a SRC, with
practical guidance for clinicians. School institutions are encouraged to have a SRC policy that
includes education on SRC prevention and management for all parties involved and should offer
appropriate academic accommodations, support, and a graduated return to school strategy (Table
2).? Although all 50 states have implemented legislation policy regarding return to sport,'*” there
is no consensus on return to learn guidelines at the state or national level. In fact, return to learn
laws are present in only eight states, with most of the laws (75%) holding schools responsible for
return to learn management.200 Furthermore, consensus statements suggest that teachers and
other school staff are responsible for implementing recommendations, and for ensuring that the
recovering student’s needs are considered and addressed.”!' However, a recent study shown an

absence of an evidence-based return to learn protocol (26.1%) from their total respondents and

only 38.1% of the respondents actually utilized the protocol that was in place.
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Table 2. Graduated Return to School Strategy. From “Consensus statement on concussion in
sport — The 5™ international conference on concussion in sport held in Berlin, October 2016,” by
McCrory, P., et al. 2017. British Journal of Sports Medicine. 47(5), 250-258.°

Stage Aim Activity Goal
1 Daily activities at home | Typical activities (i.e. reading, | Graduated return to
that do not give the child | screen time, etc.) that do not typical activities
symptoms increase symptoms
Start with 5-15 mins at a time
and gradually build up
2 School activities Homework, reading or other Increase tolerance

cognitive activities outside of | to cognitive work
the classroom
3 Return to school part Gradual introduction of Increase academic
time schoolwork activities

Partial school day or with
increased breaks during the day

4 Return to school full Gradual progress of school Return to full
time activities until a full day can be | academic activities
tolerated and complete

missing work

Recommendations for return to learn have focused on cognitive rest, which typically
entails complete mental rest from activities requiring attention (e.g., electronic technology,
reading, homework), to limiting such activities or performing them with accommodations (e.g.,
taking breaks, reducing time spent engaging in cognitive activities, using additional time for
assignments, part-time or gradual return to school) and then, resumption of full cognitive
schoolwork.?’! The rationale for prescribing cognitive rest is to keep cognitive exertion below
the level that triggers exacerbation of symptoms and allows the brain to heal. However, evidence
supporting complete activity restriction/rest versus limited cognitive rest is mixed, with some
research showing negative consequences of prescribing cognitive rest altogether (e.g.,
detrimental impact on quality of life when removed from validating life activities in combination

with physical deconditioning).2?>2%* Despite the absence of empirical literature, a majority of
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surveyed athletic trainers (AT) incorporated some form of cognitive rest in their SRC
management protocol based on anecdotal resources.?%

School personnel, (i.e. school nurses, school counselors, and neuropsychologists) and
healthcare providers play a vital and supportive role in the delivery of school care for the
returning concussed student. Healthcare providers can set specific cognitive targets that should
be individually-based, while working with school personnel to provide their expertise in
developing academic accommodations and adjustments, which will result in an established
interdisciplinary approach for managing student-athletes with a SRC. Both parties can work
together with the student and parents/guardians to educate and provide guidance regarding
activity restrictions and allowances when the student is not in school or returning to sport.2% It is
important to note, that some students might find relief from a small number of accommodations
for a few days, while others with persistent symptoms might benefit from more accommodations
and a careful management plan to facilitate their academic success. Future research is warranted
to examine the validity of the return to learn progressions and specific recommendations for
managing activity level and symptom response during this progression.

2.3. Driving
2.3.1. Car Collision Rates and At-Risk Populations

Driving is considered an activity of daily living, however is carries the risk of injury and
death. Furthermore, motor-vehicle accidents are a public-health epidemic in the US and across
the world, and is the leading cause of injury and death.?” According to the Centers for Disease
Control and Prevention®®, these deaths led to approximately 1.2 million years of potential life
lost in the US and over 2 million people were injured in 2015, which resulted in more than $380

million in direct medical costs alone.?’ More specifically, for every one person killed in a motor
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vehicle accident, eight people are hospitalized and 99 people are treated and released from
emergency departments.??® Additionally, one in three crash deaths in the US involved drunk
driving, and almost one in three involved speeding.?*? Lastly, the US crash death rate was more
than twice the average of other high-income countries that were comparable to the US.

In the US, motor-vehicle collisions are also the leading cause of death among 16 to 19-
year-olds in the US, with almost 2,500 teens killed and 300,000 injuries annually.?!* In addition,
teen drivers are nearly three times more likely than drivers aged 20 and older to be in a fatal car

accident.?!!

When examining risk factors associated with teen deaths, males were two times
more likely to have a motor vehicle death than their female counterparts, teens driving with teen
passengers, and newly licensed teens (16-17) had nearly twice as many fatal crash rates as
compared with 18-19 year olds.?!® Other factors that put teens at risk include, underestimating
dangerous or hazardous and distracting situations, risk taking (i.e. speeding), lower rates of seat
belt use, sleeplessness, and alcohol use.?!?

2.3.2. Sport-Related Concussion Risk

Motor-vehicle collisions typically happen, due to a number of factors such as a loss of
cognition and focus, however these areas are often seen in concussed patients. Presently, there is
limited research on the safety of continuing to drive after sustaining a SRC and thus,
recommendations have largely been based upon clinical experience and expert opinion.
Furthermore, since the management practices are largely focused on the return to sport and
return to learn progressions, there are other significant activities of daily life that may be affected
after enduring a SRC, such as driving. Driving can be a potentially dangerous activity, especially

for new and young, inexperienced drivers. Moreover, driving a motorized vehicle involves

individuals to have adequate emotional control, cognition, attention, and motor coordination,
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however, individuals with a SRC often have impairments in these areas.?® Since return to drive is
not a critical component of SRC guidelines, we may be putting athletes and other individuals on
the road at risk of serious injuries.

There are only a few studies that examine simulated driving performance in mTBI

patient528,2l2-2l4

and even fewer studies examining simulated driving performance in concussed
college students and student-athletes.*!** Three studies®®?!>?!3 observed patients from a hospital,
within the first 72 hours of sustaining a mTBI, completed the University of Queensland Hazard
Perception Test (UQ-HPT). Both studies®®?!* found the concussed group to have significantly
slower response times on the hazard perception test and the Glasgow Coma Scale scores were

1.28 found

not significant related to their hazard perception response. Additionally, Preece et a
significant correlations within the concussed group between post-traumatic amnesia and their
hazard response. In addition, participants with a mTBI were significantly faster in anticipating
traffic conflicts than participants with a moderate to severe TBI.?® The same author published
another article related to self-reported concussions on cumulative or enduring effects of driver’s
anticipation of traffic hazards. They found no significant effect on past medical history of any
number of concussions on the hazard perception test response times.?!* Similarly, pairwise
comparisons showed no significant differences between the hazard perception test response
times of individuals reporting a concussion within the previous 3 months, individuals reporting
an earlier concussion, and the controlled group.?!* In contrast, a quasi-experimental case-control
design study examined mTBI and minor orthopedic patients on various tests, such as the Mini
Mental State Examination (MMSE), Occupational Therapy-Drive Home Maze (OT-DHMT),

Road Law Road Craft (RLRC), and the UQ-HPT .2!2 Their results found at 24 hours post

assessment, that the concussed group has significantly slower times on the OT-DHMT than
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compared to the minor orthopedic group, but not on the MMSE, RLRC and the UQ-HPT.?'? At a
two-week follow-up, only 26 of the 60 mTBI participants had returned to driving. Delayed return
to driving was reported due to: “not feeling 100% right”, headaches and pain, and dizziness.?!?
When exploring the literature on simulated driving performance in concussed college
students and student-athletes, one study found concussed participants during their asymptomatic
stage, committed 32% more lane excursions and exhibited greater standard deviation of speed
and lateral position, but did not differ in centerline crossing, total crashes, or tickets compared to
their match controls.*! Additionally, the same study also inspected correlations between
neuropsychological assessments and simulated driving performance. Their results found several
strong correlations on symbol digit modalities, Rey Osterrieth Complex Figure accuracy, and the
CNS Vital Signs verbal memory and motor speed domains with higher rates of lane excursions
to the right among the concussed group compared to the control group.*! Additionally, slower
Rey Osterrieth Complex Figure recall time was significantly correlated with more total crashes
among the concussed group, as well as worse performance on the CNS Vital Signs cognitive
flexibility and executive function received more total tickets, but was not seen within the control
group.*! Lastly, another study*? examined simulated driving performance immediately after a
concussion and after medical clearance was given for return to play. Their results found that
concussed college students displayed less deviation (improvement) in speed management in
complex curved driving routes from sustaining a concussion to their return to play date, while no
differences were seen in center lane management.*? In addition, they only saw significant
improvements on the InPACT visual memory and processing speed domains from their

sustained concussion stage to their return to play stage.*’
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There have been a few studies related to surveying multiple stakeholders (e.g. physicians,

nurse practitioners, patients) in regard to the management of driving abilities.*****215-217 Two

studies?'>?!7

surveyed physicians on their decision-making strategies in regards to return to drive
after a SRC. The first study introduced a return to drive project as an intervention and found a
significant increase in driving recommendations from 9.3% at baseline to 97% in approximately
a year and a half.>!> Additionally, on average, physicians estimated that they spent less than 30
seconds per patient on counseling and documentation, which suggest that the intervention did not
adversely impact the clinic flow.?!* The other physician study determined which SRC data that
was collected on an initial patient clinic visit, might influence physicians to clear an adolescent
to return to drive following their injury.?!” In their multivariable analysis, odds of being fully
cleared to drive were almost six times greater among patients who were administered
computerized neurocognitive test, and stated symptoms of a “headache” and “sensitivity to
light”.2!7 In addition, each additional 10-millisecond decrease in simple reaction time was
associated with a 9% greater odds of being cleared to drive.?!” Lastly, a study by Klein et al.?'®
investigated nurse practitioners driving guidance and its clinical basis for restriction or limitation
following an adolescent concussion. Approximately, 93.8% provided driving recommendations,
with 32.6% based on time, 49.8% based on symptoms, and 28.5% based on healthcare
utilization.?'¢

Little is known in regard to concussed patient’s intentions of returning to drive, even
though concussions could pose a risk to road safety. Eighty-one patients with an mTBI were
recruited from an emergency department and completed a questionnaire measuring expectations
regarding recovery from their injury and returning to drive.** Only 48% of the concussed sample

intended to reduce their driving following their injury, compared to the control group, with an
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average of 17 days either not driving or driving in a reduced capacity.** Moreover, those who
had not experienced a previous head injury were more likely to intend to reduce driving than
those who had a previous head injury (61% vs. 38%, respectively).** With the limited research
on survey-based studies, literature is needed to expand on the time frame of driving after
sustaining a SRC. Similarly, Schmidt and colleagues* also found that college student-athletes
refrained from driving follow a concussion 43.8% of the time. Additionally, student-athletes who
refrained most commonly did so for only 24— 48 h (20.5%), felt *‘very unsafe’’ driving a car
immediately following injury (38.4%), and refrained from driving because a healthcare provider
advised them to (33.3%).*” When asked whether driving restrictions would influence their
decision to report the injury to a health care provider, only 26.6% *‘probably would’’ (57/214),
24.8% ‘‘probably would not’’, and 22.9% *‘definitely would not’’. Despite generally believing
that driving immediately following a concussion is unsafe, a majority of student-athletes did not
refrain from driving at any point following their previous concussions. Finally, clinicians should
educate athletes and other relevant parties involved on their driving ability, after enduring a SRC
and should use driving-related questionnaires as an assessment tool in their practices.
2.3.3. Car Simulators

Driving is an important activity of daily living to most people and an integral part of
mobility and independence that affects physical, social, and economic well-being.?!® However,
the loss of driving privileges can lead to increased healthcare costs, depression and decreased
access to medical care.?!*?2° The ability to drive can be affected by various motor, visual,
cognitive, perceptual and sensory deficits commonly experienced after neurologic disorders,

such as stroke, Parkinson’s disease, Alzheimer’s disease, multiple sclerosis, and traumatic brain
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injuries. A method of investigating safe, driving performance among patients with neurological
disorders is through the use of driving simulators.

Driving simulators can be used to evaluate cognitive impairment and can potentially offer
an improved method of evaluating cognitive functions, in the context of an everyday task that
has not been available through traditional neuropsychological assessment.??!**? Unlike static
paper and pencil cognitive and vision tests, a driving simulator can evaluate the dynamic aspects
of driving skills and abilities that may be impaired by TBI, such as spatial orientation, situational

awareness, as well as tactical and operational vehicle control.?!

As mentioned, driving is a
complex, cognitively demanding activity, which requires the ability to remain awake and alert,
vigilance, making fast and accurate responses, depth and motion perception, spatial orientation
and path finding, DA, multitasking, planning and decision making, hazard recognition and
avoidance, safety judgments, and emotional self-control.>?*??* Driving simulators provide a safe
and controlled setting in which errors can be made without cost to life, health, or property.??®
Moreover, simulators can be programmed to simultaneously collect data related to a large
number of these basic and higher-order processes, to determine whether they fall outside the
normative ranges. A recent study found that performance in the driving simulator was a better
predictor of actual driving skills within the community than was performance in an on-road
test.??2 This was because the simulator exposed the driver to a wider range of demands than is
safely feasible on the road, while simultaneously measuring both lower-level and higher-level
skills in these situations.**?

Interactive driving simulation models and vehicles are equipped with functional models

of systems from the perspective of the operator, providing the functions necessary for a validity

of an experiment or a satisfactory training.?® Modern simulators usually consist of parts of real
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vehicles or machines and a complex system of a computer-generated virtual reality, which
should cover the widest possible range of operator’s sensor input, so that it can induce a sense of
realistic environment.??® The first driving simulator was designed by Volkswagen in the early
70’s, as 3DOF motion based and was equipped with one screen, which formed the windshield.??°
Driving simulators and the driving simulation technology are said to be a “royal discipline”
within the scope of the simulation devices, due to their high technical and spatial demands, and
are usually developed and designed in cooperation with university research institutions, state
research institutions and car manufacturers.??®

The STISIM Drive® software is a reliable and validated driving simulation system
specifically designed for medical and occupational therapy applications.??”#?® The STISIM
Drive® software had been utilized in the literature for testing participants with mild traumatic
brain injury (mTBIs), however the STISIM Drive® software has not been used with SRCs
previously. This software has been engineered to facilitate the diagnosis, evaluation, treatment,
and rehabilitation process of the needs of patients experiencing brain injury or impairment.
Additionally, it allows the medical provider to create a database that tracks the treatment routine,
driving results (scenario results), and rehabilitation progress for each patient. Within the large
portfolio of predesigned scenarios, this study utilized three primary tests: 1) memory, planning,
and navigation, 2) car following with DA, 3) passing, gap judging & merging).
2.4. Summary

Driving a motorized vehicle involves individuals to have adequate emotional control,
cognition, attention, and motor coordination,?® however, individuals with a SRC often have
impairments in these areas.’ By having severe signs and symptoms from a SRC, it could

influence the way drivers think and act, as well as impair their acceptable decisions, in which it
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would make it harder to detect and avoid hazards on the road. Thus, in terms of driving risk of
crashes, concussed adolescents and college aged student-athletes are at the greatest risk. This
study will provide clinicians with various time points (i.e., 72 hours, when asymptomatic and
return to participation fully) during the clinical indicators of a SRC recovery, where concussed
athletes are safe to return to driving. Even though this would be considered a short duration of
testing with concussed individuals, this is the most likely time at which a concussed individual
would return to driving. Additionally, this study is vital for ATs in determining
recommendations for return to drive and what assessments comprise the best evaluation of return
to drive in athletic populations. The preliminary results of this study may help guide future
research efforts aimed at developing a comprehensive driving evaluation for individuals with a

SRC.

54



CHAPTER 3
METHODOLOGY
3.1. Experimental Design
A cohort design was used to compare test-retest reliability, simulated driving
performance and concussion measures between high school and collegiate athletes with and
without a SRC. The independent variables were group (concussed athletes, non-concussed match
control athletes), and clinical indicators of SRC recovery (within 72 hours, asymptomatic, return
to full participation). The dependent variables were simulated driving performance (i.e. road lane
excursions, centerline crossing, car collisions, pedestrian collisions, speeding tickets, stop sign
tickets, turn signal usage and DA) and SRC tools which include neurocognition (i.e. verbal
memory, visual memory, visual motor speed, impulse control, and reaction time), balance (i.e.
total number of firm errors, total number of foam errors), vestibular/ocular motor (i.e. smooth
pursuits, horizontal and vertical saccades, convergence, horizontal and vertical vestibular ocular
reflex VOR, and visual motion sensitivity), and symptoms (i.e. total number of symptoms, total
severity of symptoms). This study was approved by the Michigan State University Institutional
Review Board (IRB). Data was collected from August 2018 - March 2019.
3.2. Sample Population and Participant Selection
3.2.1. Participants and Recruitment
Test-Retest Reliability of the STISIM Drive® Software
Students were recruited from Michigan State University’s Department of Kinesiology, due to the
close proximity of the driving simulator within the building. Professors from three courses within

the Department of Kinesiology gave permission and approval to allow their students to
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voluntarily participate in the described study. The students were rewarded 10 extra credits points

within their respective course (Figure 1).

Eecruitment

|

Consent/Eligibility &

Surveys
Group: College IDSS_ESU:E; :13 _
Students :
STISIM MSACQ
1 week in

between sessions

Session 2:
Instruments:
STISIM MMSAQ

Figure 1. Procedures of the study.

Simulated Driving Performance in Concussed and Non-Concussed Athletes
Athletes from a total of 5 high schools and 3 colleges within the state of Michigan were recruited
to participate. Of the 5 high schools and 3 colleges, 2 high schools and 2 colleges accepted to
participate in the current study. High schools and colleges were selected based on previous
history for collecting data in the past 12 years and were in close proximity to the Michigan State
University Campus. High school and college AT’s were contacted through email and then
followed up by a telephone call to participate in the study. Each SRC was verified by an AT
and/or MD/DO. All sites conformed to the international recommendations that a SRC recovery is
determined by each athlete returning to his/her baseline (all athletes are administered baseline

tests as part of their SRC protocol) and to use other multi-faceted measures (i.e. symptoms,
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cognition, vestibular/ocular motor symptoms, and balance), prior to completing a step-wise
exertional protocol.” Each participating high school and college had a full-time, licensed AT.
Administrators at each school gave permission and approval to allow their athletes to voluntarily
participate in the described study. The supervising AT that diagnosed the SRC, asked the injured
and match control athletes if they could be approached by the researcher for recruitment into the
study. Once the athlete accepted to participate in the study, the researcher contacted the athlete to
explain the study to them. If the athletes agreed to volunteer and consent/assent were obtained,
participants were screened for participation based on the defined inclusion and exclusion criteria

and were allocated to the SRC-injury group or match control group (Figure 2). Athletes were

compensated $50 for each visit, for a total of $150 for all visits, as well as the respective

AT/physician received $50 for the referral of the athletes.
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Figure 2. Procedures of the study.
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3.2.2. Inclusion Criteria
Participants were included in the first purpose if they were 1) between the age of 16-25
years, 2) currently enrolled as a college student, and 3) had a valid driver’s license. To be
included in the second and third purposes of this study, athletes with a SRC had to meet the
following criteria: 1) between the age of 16-25 years, 2) currently participating on a high school,
college varsity or club sport, 3) valid driver’s license, 4) no major neurological disorder or a
history of a SRC within the past 6 months prior to enrollment, 5) enrolled by a research assistant
within 72 hours of a sustained SRC, 6) loss of consciousness was less than 20 minutes, 7) no
hospitalization, or neuroimaging evidence of structural injury, and 8) SRC was diagnosed by a
healthcare professional. Additionally, match control athletes had to meet the following inclusion
criteria: 1) between the age of 16-25 years, 2) currently participating on a high school, varsity or
club sport, 3) valid driver’s license, and 4) no major neurological disorder or a history of a SRC
within the past 6 months prior to enrollment. In addition, matched controls were matched based
on age, sex and sport of the SRC-injury group.
3.2.3. Exclusion Criteria
Any student or athlete that met any of the following exclusion criteria were excluded
from the study: 1) evidence of illicit drug usage, 2) current central nervous system active
prescription medications (i.e., analgesics), 3) current or previous history of neurological disorder
(i.e., epilepsy) or history of concussion within the past 6 months 4) did not speak or read English,

or 5) prior brain surgery.
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3.3. Instrumentation
3.3.1. Demographic Survey
The demographic survey consisted of 18 questions for the SRC injury group, 14
questions for the match control and 12 questions for the test-retest group. For all groups, the
survey included questions regarding to the participant demographics such as age, sex, date of
birth, race, height, weight, handedness, if they wear contacts or glasses, academic year, current
GPA ad concussion history. Within the SRC and match control questionnaires, sport
demographic questions were asked regarding sport and position. The additional questions for the
SRC-injury group included date and time of the injury, where the SRC was sustained (i.e. NCAA
practice or competition, high school practice or competition), offensive or defensive play and
mechanism of injury (Appendix A-C).
3.3.2. Driving Questionnaire
The driving experience questionnaire consists of 22 questions concerning the
participants’ driving history. Several questions pertained to the driving license type (i.e., Class
C), years of experience driving, hours per week spent driving, and average speed while driving.
Additional questions pertained to distractions, total number of driving related tickets, driving
under the influence, and seatbelt usage. The questionnaire took approximately 5 minutes to
complete (Appendix D).
3.3.3. Sport Concussion Assessment Tool 5 (SCATS)
The SCATS was developed from the original SCAT to help assist healthcare providers in
their return-to-play decisions. Additionally, the SCATS is the most recent revision of the SCAT
in the acute evaluation of a SRC. This SRC evaluation tool can be used on the sideline and

during post-concussion evaluation. The SCATS includes two primary sections, which are the
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immediate/on-field assessment and the office/off-field assessment.!!??° This tool takes
approximately 10-15 minutes to complete (Appendix E).

SCATS5: Immediate/On-Field Assessment. The first component includes red flags,
observable signs, Maddocks questions, Glasgow Coma Scale and a cervical spine assessment.
This study did not assess the red flags, observable signs and Maddocks questions, since the ATs

were responsible for assessing and managing the SRCs.

Glasgow Coma Scale. This scale was used to assess the level of consciousness for eye,
verbal, and motor responses. If participants were able to open their eyes spontaneously to
stimuli, then they would receive a score of 4/4. If athletes were oriented to verbal commands,
then they would receive a score of 5/5. Finally, if athletes were able to obey motor commands,
then they would receive a score of 6/6. The three components were added together to yield a
maximum score of 15.

Cervical Spine Assessment. This assessment was determined by first asking the athlete if

their neck is pain-free at rest. If the athlete did not report neck pain at rest, he/she were asked to
actively move their neck through a full range of motion. Upon completion of full neck range of
motion, the athlete reported if he/she had full range of active, pain-free motion. Finally, limb
strength and sensation were tested by asking the athlete to squeeze the examiner’s hands and
move their toes for limb strength and if he/she had numbness or tingling traveling down their
extremities for limb sensation. For each question, the examiner would record a yes or no
response from the participant.

SCATS: Office/Off-Field Assessment. The second component includes the athlete
background, symptom evaluation, cognitive screening, and neurological screen. All sections

were recorded by the examiner.

60



Athlete Background. The athlete background section obtains information regarding the

athletes’ sport, concussion history, years of education, age, sex, dominant hand, diagnosis of
headache disorder or migraines, learning disability/dyslexia, ADD/ADHD, depression, anxiety,
or any other psychiatric disorder and current medications.

Symptom Evaluation. Participants completed a self-reported symptom scale on how

he/she feels on the day they completed their session. There were 22 items, rated on a 7-point
Likert scale (i.e., 0 = none to 6 = severe) for the athlete to report. Likert scale scores for the 22
concussion symptoms were added together to get a total symptom severity score out of 132.
After completing the symptom inventory, athletes were asked to report if their symptoms were
worse with physical or mental activity and their “percent normal” after being prompted with “If
100% is feeling perfectly normal, what percent of normal do you feel?” If athletes did not report
100%, they were asked to briefly explain why.

Cognitive Screening Test. The cognitive screening test is a modified standardized

assessment of concussion (SAC) test. The SAC measures orientation, immediate memory,
concentration, and delayed recall. The modification to the SAC currently includes the newly
revised immediate memory test. The immediate memory test currently has a list of 5 and 10
words, in which this study chose the 10-word list for the immediate and delayed recall sections
for the present study. Athletes were presented the 10-word list and were asked to recite them in
any order to the researcher. Athletes were presented the same word list for three trials, with a
maximum score of 10 for each trial, for a maximum total score of 30. The added option of using
a 10 word list per trial could diminish ceiling effects, while preserving continuity with the 5
word list in those settings where ceiling effects are less apparent.??? In addition, the SAC

included the concentration digit backwards test, which is a string of numbers that athletes were
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asked to repeat backwards. The digit backwards test starts at 3 numbers (i.e., 4-9-3) and
progresses up to 6 numbers (i.e., 8-4-1-3-5-7). If the athlete correctly completed the string,
he/she progressed to the next string length. If the athlete was incorrect, he/she received a second
trial with the same string length. The test was completed if the athlete received two trials wrong
within the same string length or the athlete successfully completed all strings. Additionally,
participants had to repeat the months of the year backwards and were given a 0 for an incorrect
score and a 1 for a correct score. Finally, delayed recall asked the participant to repeat the
original list of 10 words from the immediate memory test. Delayed recall was completed after at
least 5 minutes had elapsed from the original immediate memory test. The original SAC had a
test-retest reliability of 0.64. The validity of the original SAC for each subtest is as follows:
Orientation (r = .36), immediate memory (r = .61), concentration (» = .68), and delayed recall (»
=.52).2%0

Neurological Screen. In the neurological screen, participants were asked to read out loud

(i.e., symptoms) in order to determine if they could follow directions without difficulty. Athletes
then had the researcher test their passive cervical range of motion and recorded if it was pain-
free. Next, athletes were asked to move their eyes from side-side and up and down without
moving their head, without having double vision. Lastly, athletes were asked to perform the
finger nose coordination test and the tandem gait test. For all the neurological questions, answers
were recorded as a yes or no response.

Balance Examination. In addition to the neurological screen, there was a balance

examination within this section. Athletes were asked to perform the Modified Balance Error
Scoring System Test (mBESS) within the SCATS. However, this study conducted the full

Balance Error Scoring System Test (BESS) for this study. The BESS consists of three stances on
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a firm and foam surface. The 3 stances consist of a double-leg stance, single-leg stance (non-
dominant leg), and tandem stance (one foot in front of the other, heel to toe, non-dominant in the
rear). All participants were instructed to stand quietly with their eyes closed and their hands on
their iliac crests, in each stance for 20 seconds. Each separate stance was scored individually, and
each error performed by the athlete results in a point added to their score. The researcher counted
possible errors which included lifting hands off the iliac crests, opening of the eyes, stepping,
stumbling, or falling, moving the hip into more than 30 degrees of abduction, lifting the forefoot
or heel, and remaining out of the testing position for more than five seconds. If an athlete
commits multiple errors simultaneously, only one error was recorded, and the athlete quickly
returned to the testing position. The higher the score, the worse the athlete performed.
Participants who were unable to maintain the testing position for a minimum of five seconds at
the start, were assigned the highest possible score (i.e., 10) for that testing condition.!%23! The
BESS test has significant correlations with the force-platform sway measures, with intra-tester
reliability coefficients from .87 to .97.23!

3.3.4. Vestibular Ocular Motor Screening (VOMS)

The VOMS was developed to assess vestibular and ocular motor impairment via
participant-reported symptom provocation following each assessment. The VOMS consists of
brief assessments in the following five domains: 1) smooth pursuits; 2) horizontal and vertical
saccades; 3) convergence; 4) horizontal and vertical vestibular ocular reflex (VOR); and 5)
visual motion sensitivity (VMS). The athlete verbally rated changes in headache, dizziness,
nausea, and fogginess symptoms compared to their pre-assessment state on a Likert scale of 0
(none) to 10 (severe) following each VOMS assessment, to determine if each assessment

provokes symptoms. Convergence was assessed by both symptom report and measurement of the
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near point of convergence (NPC). NPC values were averaged across 3 trials. NPC values up to 5
cm are considered normal.'® The VOMS took approximately 5 minutes to administer. VOMS
has been previously reported to have moderate-high reliability, validity, and sensitivity when
tested over multiple trials in concussed athletes.!**!3® (Appendix F).

VOMS: Smooth Pursuits. The participant and the examiner were seated, and the examiner
held their fingertip 3 feet from the athlete. The athlete was instructed to maintain focus on the
fingertip, as the examiner moved the fingertip smoothly in the horizontal direction 1.5 feet to the
right and 1.5 feet to the left of midline. One repetition was completed when the fingertip moved
back and forth to the starting position, and two repetitions were performed. The fingertip was
moved at a rate requiring approximately two seconds to go fully from left to right and two
seconds to go fully from right to left. The test was repeated with the fingertip smoothly and
slowly moving in the vertical direction 1.5 ft. above and 1.5 ft. below midline for two complete
repetitions up and down. Again, the fingertip was moved at a rate requiring approximately two
seconds to move the eyes fully upward and two seconds to move fully downward. The examiner
recorded the participant’s headache, dizziness, nausea and fogginess ratings after the test.

VOMS: Horizontal Saccades. The examiner held two fingertips horizontally at a distance
of 3 feet from the athlete, with 1.5 feet to the right and 1.5 feet to the left of midline, so that the
participant gazed 30° to left and 30° to the right. The examiner instructed the participant to move
their eyes as quickly as possible from fingertip to fingertip. One repetition was completed when
the eyes move back and forth to the starting position, and 10 repetitions were performed. The
examiner recorded the participant’s headache, dizziness, nausea and fogginess ratings after the

test.
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VOMS: Vertical Saccades. The examiner repeated the test with two fingertips held
vertically, 3 feet from the participant with 1.5 feet above and 1.5 feet below midline, so that the
participant gazed 30° upward and 30° downward. The examiner instructed the participant to
move their eyes as quickly as possible from fingertip to fingertip. One repetition was completed
when the athletes’ eyes moved up and down to the starting position, and 10 repetitions were
performed. The examiner recorded the participant’s headache, dizziness, nausea and fogginess
ratings after the test.

VOMS: Convergence. The participant was seated and wearing corrective lenses (if
needed). The examiner was seated in front of the participant and observed their eye movement
during this test. The participant focused on a small target at arm’s length and slowly brought the
target towards the tip of their nose. The participant was instructed to stop the target when they
saw two distinct images or when the examiner observed an outward deviation of one eye.
Blurring of the image was ignored. The distance was recorded in centimeters and was measured
from the target to the tip of the nose. This was repeated a total of three times, with measures
recorded each time. The examiner recorded the participant’s headache, dizziness, nausea and
fogginess ratings after the test. This test was abnormal if the NPC was greater than or equal to
six centimeters from the tip of the nose.

VOMS: Horizontal Vestibular-Ocular Reflex. The participant was asked to rotate their
head horizontally, while maintaining focus on a target. The head was moved at an amplitude of
20° to each side and a metronome was used to ensure the speed of rotation, which was
maintained at 180 beats/minute (one beat in each direction). One repetition was completed, when

the head moved back and forth to the starting position, and 10 repetitions were performed. The
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examiner recorded the participant’s headache, dizziness, nausea and fogginess ratings after the
test.

VOMS: Vertical Vestibular-Ocular Reflex. This test was repeated with the participant
moving their head vertically. The head was moved in an amplitude of 20° up and 20° down and a
metronome was used to ensure the speed of movement, which was maintained at 180
beats/minute (one beat in each direction). One repetition was completed when the head moved
up and down to the starting position, and 10 repetitions were performed. The examiner recorded
the participant’s headache, dizziness, nausea and fogginess ratings after the test.

VOMS Visual Motion Sensitivity. The athlete stood with their feet shoulder width apart,
facing a busy area of the clinic. The examiner stood next to and slightly behind the participant,
so that the participant was guarded, but the movement was performed freely. The athlete’s arm
was outstretched, and the participant was asked to focus on their thumb. While maintaining focus
on their thumb, the participant rotates together as a unit, at an amplitude of 80° to the right and
80° to the left. A metronome was used to ensure the speed of rotation, which was maintained at
50 beats/min (one beat in each direction). One repetition is complete when the trunk rotates back
and forth to the starting position, and five repetitions are performed. The examiner recorded the
participant’s headache, dizziness, nausea and fogginess ratings after the test.

3.3.5. Immediate Post-Concussion Assessment Cognitive Test ImPACT)

To assess neurocognitive function, the online version of the InPACT neurocognitive test
battery was used for this study. The InPACT test took approximately 20-25 minutes to complete
and was designed to be administered on any laptop or desktop computer that had a color monitor.
Additionally, it required an external mouse, reliable internet connection and must be connected

to an external power source at the time of testing. There were specific requirements with regards
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to the test environment which included 1) the physical environment was quiet and free of noise,
2) all cell phones, music players, and other electronic devices were turned off, 3) the participant
was not engaging in another activity or conversing with others, 4) seating arrangements allowed
the athlete to sit comfortably with at least one seat between test takers when administered in a
group setting, 5) the test was administered in an area that prevented from issues with a glare on
the screen, and 6) under no circumstances participants were not allowed to complete testing at
home without the supervision of a trained healthcare professional. The InPACT neurocognitive
test battery consisted of three sections that included the demographics, the Post-Concussion
Symptom Scale (PCSS), and five composite components (i.e. verbal memory, visual memory,
visual motor speed, impulse control, and reaction time composite scores), which was composed
of six modules.?*?> Computerized neurocognitive testing has been deemed a more objective
measure for determining subtle cognitive changes associated with SRCs.!31% ImPACT has been
reported to have moderate-high test-retest reliability, validity, and sensitivity and
specificity,!50:156:233.234

Word Memory: Module One. The first module evaluated attentional processes and verbal
recognition memory, while using a word discrimination paradigm. Athletes were presented with
12 target words, twice to facilitate learning the list, which remained on the screen for 750
milliseconds at a time. Athletes were then tested for immediate recall by answering “yes” or
“no”, when presented a list of 24 words. At the end of the sixth module (approximately 20-25
minutes) athletes were presented with the same 24 words and asked to answer “yes” or “no.”
This test measured delayed memory of athletes and were scored based on a total percentage of

correct answers.

67



Design Memory: Module Two. The second module measured attentional processes and
visual recognition memory. This module also used a design discrimination paradigm. Athletes
were presented with 12 target designs, twice and remain on the screen for 750 milliseconds at a
time. Athletes were then tested for immediate recall by answering “yes” or “no”, when presented
24 designs. At the end of the sixth module (approximately 20 minutes) athletes were presented
with the same 24 designs and asked to answer “yes” or “no.” This test measured delayed
memory and was scored on total percentage correct.

X’s and O’s: Module Three. The third module evaluated visual working memory and
visual processing/visual motor speed, by using a distractor task to interfere with memory
rehearsal. The participant practiced the distracter task prior to the presentation of the memory
task. Athletes were asked to perform a specific action if a blue square was presented or if a red
circle was presented. The athlete right clicked if a red circle was presented and left clicked if a
blue square was presented for the distractor task. Athletes were then presented a random screen
of X’s and O’s with three yellow X’s and/or O’s. Athletes were presented the distractor test,
followed by the same memory screen, without the yellow X’s and/or O’s. The athlete was asked
to click on the three previously illuminated yellow X’s and/or O’s. The participant completed
this module for a total of four times and received a score for correct identification of yellow X’s
and O’s, reaction time for the distractor test and the number of errors on the distractor test.

Symbol Match: Module Four. The fourth module measured visual processing speed,
learning, and memory. Athletes were presented nine common symbols on a screen. Directly
under each symbol was a number from one to nine that corresponds respectively. Below this
grid, a symbol was presented. The athlete was required to click on the matching number as

quickly as possible, while at the same time remembering the number/symbol pairings. When an
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athlete clicked on the correct number, the number illuminated green. If the number was incorrect,
it illuminated red. Following the completion of the 27 trials, the symbols disappear from the top
grid. The test asked the athlete to click on the number that matched the symbol that was shown
respectively. Athletes received an average reaction time score and a score for memory recall.

Color Match: Module Five. The fifth module evaluated a choice reaction task and
measured impulse control/response inhibition. Athletes were required to click on the “red”,
“green”, or “blue” word that was displayed on the screen, in the same color ink as the word. The
participant was instructed to click on the box as quickly as possible, only if the word was
presented in the matching ink. This task gave a reaction time score and an error score.

Three Letters: Module Six. The sixth module measured working memory and visual-
motor response speed. First, the participant was able to practice a distracter task that consisted of
25 numbered buttons on a 5X5 grid. The participant was instructed to click as quickly as possible
on the number buttons in backward order starting with 25. The position of the numbers on the
grid were randomized after each trial to minimize practice effects. Immediately following
display of the three letters, the numbered grid re-appeared, and the athlete was again instructed to
click the numbered buttons in backward order. After 18 seconds, the numbered grid disappeared,
and the athlete was asked to recall the three letters by typing them on the keyboard. This task
gave a memory score and a score for the average number of correctly clicked numbers per trial
from the distracter test. Five trials of this task were presented for this module.

3.3.6. Driving Simulation Tasks (STISIM Drive®)

The STISIM Drive® software was displayed on three fast-response HDTV displays,

measuring approximately 43 inches horizontally. The three displays were connected to a triple

display simulator chassis, with a SlipSense motion platform, stereo speaker system, and a fully
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reclining seat with adjustable seat sliders. This motion platform allows the driver to thoroughly
feel tire traction and supplements the sensations from the quality force-feedback steering wheel.
The force feedback steering wheel was responsive and had an adjustable angle of rotation from
270°-1080°. The steering wheel was approximately 30 centimeters in diameter with a genuine
Alcantara grip, comprehensive driving controls and paddle shifters. Additionally, there was a
three-pedal system, with highly progressive brake feel and a 7 speeds shifter for participants who
drove a manual vehicle. Lastly, the PC computer that was utilized for the researcher contained an
8 GB DDR4 memory, 1TB HDD 120 GB SSD storage, Windows 10 home 64-bit operating

system and an AMD Radeon RX 580 4 GB GDDRS5 graphics processor (Figure 3).

Figure 3. Driving Simulator Equipment.

The STISIM Drive® software was a reliable and validated driving simulation system,
specifically designed for medical and occupational therapy applications.??”??® The STISIM
Drive® software had been utilized in the literature for testing participants with mild traumatic
brain injury (mTBIs), however the STISIM Drive® software has not been used with SRCs
previously. This software has been engineered to facilitate the diagnosis, evaluation, treatment,
and rehabilitation process of the needs of participants experiencing brain injury or impairment.
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Additionally, it allowed the researcher to create a database that tracked the treatment, driving
results (scenario results), and rehabilitation progress for each participant. Within the large
portfolio of predesigned scenarios, this study used three primary tasks: 1) memory, planning, and
navigation, 2) car following with DA, and 3) passing, gap judging and merging >3

The first task tested the participant’s memory skills, by providing a math task prior to the
driving scenario that the participant must remember to properly navigate through the scenario.
The math task required the driver to pass slow moving traffic, while performing basic arithmetic.
The participants were presented with 20 road signs that had 2-digit numbers on the signs and
were asked to keep a running total of what the signs added/subtracted to during this task. In the
middle and end of the task, the athletes were asked to state the current value of the road signs.
Subjects were evaluated on memory, as well as any collisions or straying from one’s lane while
driving. This driving task took approximately 15 minutes.

The second task evaluated the participants’ ability to drive a car, when exposed to a task
that diverts their attention from driving. The test simulated driving in a residential area and a
school zone. Hazards that appeared throughout the drive included pedestrians, cross traffic not
stopped at unmarked intersections, vehicles backing out of driveways, parked cars along the
roadway merging into traffic concurrently. The participants were evaluated on their ability to
ignore diversions in attention and to not have any collisions or lane excursions. The athlete was
presented with 23 different DA events and took approximately 7 minutes to complete.

Lastly, the third task evaluated a participant’s passing, gap judgment, and merging
driving skills. The driver was instructed to make a series of left turns against on-coming traffic,
with a pedestrian crossing. The on-coming traffic had various sized gaps between the cars and

the participant was required to determine when it was appropriate to execute the turn. This test
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took approximately 4 minutes to complete. The total time to complete all scenarios was
approximately 25 minutes. The combination of these tasks was to evaluate the essential driving
skill sets (memory, attention, and judgment) in the safety of a virtual environment allowing for a
reliable method to determine the influence of SRCs on driving performance.

3.3.7. Motion Sickness Assessment Questionnaire (MSAQ)

Once participants completed all STISIM Drive® tasks, they were immediately
administered the Motion Sickness Assessment Questionnaire (MSAQ). This questionnaire asks
subjects to rate the severity of four types of symptoms: (1) gastrointestinal (sick to stomach,
queasy, nauseated, may vomit), (2) central (faint-like, lightheaded, disoriented, dizzy, spinning),
(3) peripheral (sweaty, clammy/cold sweat, hot/warm), and (4) sopite-related (annoyed/irritated,
drowsy, tired/fatigued, uneasy). The measure requires participants to rate the degree to which
they are experiencing 16 symptoms from 1 (not at all) to 9 (severe). An overall motion sickness
score can then be calculated along with a score for each particular domain. The MSAQ has been
shown to be a valid instrument (0.81-0.92) for the assessment of motion sickness.?*> To
determine if patients had motion sickness due to the simulator instead of their concussion
symptoms, the full return to participation stage MSAQ was compared to their within 72 hours
and asymptomatic stage. (Appendix G)

3.4. Procedures

Test-Retest Reliability of the STISIM Drive® Software

A total of 59 healthy college-aged students reported to the Spartan Motorsport
Performance Lab (SMPL) at Michigan State University, where the car simulator is housed.
Within the first testing session, participants were provided with written informed consent, as well

as screened for inclusionary/exclusionary criteria prior to enrollment in the study. After it was
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determined that a student qualified for the study, participants completed demographic and
driving history questionnaires. Once the forms were completed, students were administered the
STISIM Drive® software and the MSAQ immediately following the driving tasks. Before
completing the STISIM Drive® software driving tasks, the participant performed a five-minute
practice test to get acquainted with the driving simulator to reduce simulator discomfort. After
one week, participants would report back to the laboratory to complete the second driving
session. In the second driving session, they completed only the STISIM Drive® tasks and
MSAQ. All paperwork and driving simulation tasks were administered by the principle
investigator and trained research assistants. All forms that were recorded were either locked in a
file cabinet or on a password protected computer. Additionally, this study involved minimal to
no risk to the participant. No individual methodological element was new, untested, or of
questionable safety for the health and general well-being of humans. Total testing time for each
session was approximately 20-30 minutes.

Simulated Driving Performance in Concussed and Non-Concussed Athletes

A total of 40 concussed and non-concussed match control athletes, reported to the SMPL
at Michigan State University, where the car simulator is housed. Participants or parents/child
were provided with written informed consent and/or assent, as well as screened for
inclusionary/exclusionary criteria prior to enrollment in the study. After it was determined that
an athlete qualified for the study, participants completed demographic and driving history
questionnaires. Once the forms were completed, athletes were administered the STISIM Drive®
tasks, a motion sickness assessment questionnaire, and a multi-faceted approach to SRC
management which included the following measures 1) SCATS, 2) InPACT, and 3) VOMS.

Before completing the STISIM Drive® software driving tasks, the participant performed a five-
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minute practice test to get acquainted with the driving simulator to reduce simulator discomfort.
All concussed and matched control athletes were randomly administered the aforementioned
tests, through a random number generator, within 72 hours of a sustained SRC (session 1), when
they were asymptomatic (session 2), and when they have completed their step-wise return to
participation and cleared without restrictions by a healthcare professional (session 3).

All post-concussion tests were administered by the principle investigator and trained
research assistants. All forms that were recorded were either locked in a file cabinet or on a
password protected computer. This study involved minimal to no risk to the participant. All
procedures, techniques, equipment, and measures that were utilized in this study were routinely
used in educational and research settings involving humans. No individual methodological
element was new, untested, or of questionable safety for the health and general well-being of
humans. The driving simulation tasks provided a safe and controlled experience in which errors
could be made without cost to life, health, or property.?*®?*” In addition, all return-to-play
decisions were determined by each concussed athlete’s healthcare provider (i.e.,
MD/DO/PA/ATC). Total testing time for each session was approximately 1.5 hours.

3.5. Data Analysis

Descriptive statistics were performed on all independent and dependent variables, on all
participants. Additionally, 2-way mixed intraclass correlation coefficients (ICC) (purpose one),
multiple multivariate analysis of variance (purpose two), and separate Spearman’s rho
correlation coefficients (purpose three) were calculated. Additionally, separate Mann-Whitney U
tests were used to examine group differences in driving experience, accident and ticket history,

and pre-existing conditions. The statistical significance level was set at an a-priori alpha level p
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< 0.05 for all analyses. Data were analyzed using the Statistical Package for the Social Sciences
(24.0 version) software.

3.5.1. Hypotheses
Hla. The STISIM Drive® software will reflect acceptable ICC values (0.75).

A 2-way mixed ICCs for STISIM Drive® outcome variables (i.e. road lane excursions,
centerline crossings, car collisions, pedestrian collisions, stop sign tickets, speeding tickets, turn
signal usage and DA) were calculated between time points one and two, with one week in
between each session. ICCs range from zero to one, with values closed to one indicate less error
variance and stronger reliability. This study interpreted test-retest reliability for clinical use as
<0.50, between 0.50-0.75, between 0.75-0.90, and >0.90 as indicative of poor, moderate, good,

and excellent reliability, respectively.?®

H2a: Concussed high school and collegiate athletes will perform more road lane excursions,
centerline crossings, car collisions, pedestrian collisions, speeding tickets, stop sign tickets, and
have less turn signal usage and DA on the simulated driving tasks within 72 hours and
asymptomatic stages, compared to matched non-concussed high school and collegiate athletes.
H2b: There will be no differences on road lane excursions, centerline crossings, car collisions,
pedestrian collisions, stop sign tickets, speeding tickets, turn signal usage and DA on the simulated
driving tasks at the return to full participation session between concussed and matched non-
concussed high school and collegiate athletes.

Multiple 2 experimental group (concussed, non-concussed controls) X 3 clinical
indicators of the SRC recovery process (within 72 hours, asymptomatic, return to full

participation) repeated measures multivariate analysis of variance (MANOV As) were performed
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to determine if there were differences on simulated driving performance (i.e. road lane
excursions, centerline crossings, car collisions, pedestrian collisions, stop sign tickets, speeding
tickets, turn signal usage and DA) between and within concussed and non-concussed high school

and collegiate athletes.

H3: There will be a strong association between simulated driving performance measures and
concussion measures (i.e. symptoms, neurocognitive, balance and vestibular/ocular motor) at all
clinical indicators of the SRC recovery (i.e. within 72 hours, asymptomatic, return to
participation) for the concussed group.

Separate Spearman’s rho correlation coefficients were calculated to explore the
relationship between the SRC concussion measures (i.e. symptoms [symptoms total, symptoms
severity], neurocognitive [verbal memory, visual memory, visual motor speed, impulse control,
reaction time], balance [firm surface total errors, foam surface total errors], and vestibular/ocular
motor [smooth pursuits, horizontal and vertical saccades, convergence, horizontal and vertical
vestibular ocular reflex, visual motion sensitivity]) and simulated driving performance variables
(i.e. road lane excursions, centerline crossings, car collisions, pedestrian collisions, stop sign
tickets, speeding tickets, turn signal usage and DA) for the concussed group, at each clinical
indicator time session (i.e. within 72 hours, asymptomatic, return to full participation). This
study interpreted correlations for clinical use as 0.0-0.3, between 0.3-0.5, between 0.5-0.7,
between 0.7-0.9 and 0.9-1.0 as indicative of negligible, weak, moderate, strong, and very strong

positive or negative correlations, respectively.?*’

76



CHAPTER 4
RESULTS

4.1. Demographic Information

Test-Retest Reliability of the STISIM Drive® Software

Participant characteristics are provided in Table 3. A total of 59 heathy, college-aged
students met the inclusion criteria and voluntarily participated in the current study. In addition,
there was a 100% retention rate, in which all participants completed both sessions of the test-
retest study. Two participants were excluded from the study based on illicit drug usage at the
time of the session and invalid driver’s license. The sample included 19 male (32.2%) and 40
(67.8%) female college-aged students. Participants had an average age of 20.8 + 1.2 years, height
of 1.740.1m, and weight of 69.3+13.5kgs. The majority of participants reported that they were
Non-Hispanic White (n=47, 79.6%) , followed by Asian (n=3, 5.1%) and Non-Hispanic
Black/African American (n=3, 5.1%). Additionally, a majority of the sample were senior
students (n=31, 52.5%), followed by junior students (n=20, 33.9%), and freshman (n=6, 10.2%),
within the Department of Kinesiology and had an average GPA of 3.6+0.4. Lastly, the students
reported the following diagnosed conditions, ADD/ADHD (n=1, 1.7%), depression (n=4, 6.8%),
anxiety (n=1, 1.7%), migraines (n=3, 5.1%), previous concussion (n=17, 28.8%). Participant
characteristics related to pre-existing conditions are provided in Table 4. Separate Mann-
Whitney U tests were conducted to examine if pre-existing conditions should be controlled for in
the inferential statistical analysis. ADD/ADHD (p=0.48), depression (p=0.47), anxiety (p=0.45),
previous concussion (p=0.36), and migraines (p=0.32) were not shown to be significant and was

not controlled for analysis.
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Simulated Driving Performance in Concussed and Non-Concussed Athletes

A total of 38 (19 concussed, 19 match controls) high school (n=6, 15.8%), club (n=16,
42.1%) and collegiate (n=16, 42.1%)) athletes met the inclusion criteria and voluntarily
participated in the study. In addition, there was a 100% retention rate, in which all participants
completed all three-time sessions of the study. The sample included 30 male (78.9%) and 8
female (21.2%) athletes. Participants had an average age of 20.0+1.6 years, height of 1.8+£0.1m
and weight of 79.1+14.0kgs. The majority of participants reported that they were Non-Hispanic
White (n=32, 84.3%), followed by Non-Hispanic Black/African American (n=3, 7.9%). In
addition, approximately a quarter of the sample were from the following sports, football (n=10,
26.3%), followed by Rugby (n=4, 10.5%), ROTC (n=4, 10.5%), and Quidditch (n=4, 10.5%)
(Table 5). Participant characteristics are provided in Tables 3 and 5. Lastly, the athletes reported
the following diagnosed conditions, ADD/ADHD (n=3, 7.9%), depression (n=2, 5.3%), learning
disability/dyslexia (n=1, 2.6%), and previous concussion (n=17, 44.7%). Participant
characteristics related to pre-existing conditions are provided in Table 4. While examining the
concussed athletes’ demographics relating to their concussion, most concussions were sustained
in competition (n=11, 57.9%) and their mechanism of injury was by making contact with the
ground (n=7, 36.9%). In addition, concussed athletes were seen by the research investigator
within 48.3+17.6 hours of the 72-hour testing session, 20.4+13.6 hours of the asymptomatic
session, and 13.7+14.8 hours of the RTP session. Lastly, concussed athletes took 12.2+15.1 days
before becoming asymptomatic, and 18.3+20.1 days before RTP. Participant characteristics
related to their respective sport are provided in Table 6. Separate Mann-Whitney U tests were
conducted to examine if pre-existing conditions should be controlled for in the inferential

statistical analysis. ADD/ADHD (p=0.08), depression (p=0.15), previous concussion (p=0.75),

78



and learning disability/dyslexia (p=0.32), were not shown to be significant and was not

controlled for analysis.

Table 3. Participant Demographics for Test-Retest Students, Concussed and

Non-Concussed Athletes.

Test-Retest Concussed Non-Concussed
Students Athletes Athletes
m=>59) (n=19) (n=19)
n (%) n (%) n (%)
Age (years), (M +SD) 20.8+1.2 20.0+1.7 20.0+1.7
Sex
Male 19 (32.2 %) 15 (78.9%) 15 (78.9%)
Female 40 (67.8 %) 4 (21.1%) 4 (21.1%)
Height (m), (M + SD) 1.7+0.1 1.7+0.1 1.8+0.1
Weight (kg), (M + SD) 69.3+13.5 81.7£14.7 76.5+13.1
Race
Asian 3 (5.1%) 1 (5.3%) -
Hispanic White 2 (3.4%) 1 (5.3%) -
Middle Eastern 2 (3.4%) - 1 (5.3%)
Non-Hispanic Black/ 3 (5.1%) 2 (10.5%) 1 (5.3%)
African American
Non-Hispanic White 47 (79.6%) 15 (78.9%) 17 (89.5%)
Mixed Race 2 (3.4%) - -
Handedness
Right 50 (84.7%) 19 (100.0%) 17 (89.5%)
Left 7 (11.9%) - 2 (10.5%)
Both 2 (3.4%) - -
Contact or Glasses
Yes 30 (50.8%) 8 (42.1%) 9 (47.4%)
No 29 (49.2%) 11 (57.9%) 10 (52.6%)
Academic Year
pumior ((Ess)) i 1 (5.3%) 1 (5.3%)
Freshman - 2 (10.5%) 2 (10.5%)
Soeshomore 6 (10.2%) 1(5.3%) 2 (10.5%)
] l’Il)i . 2 (3.4%) 3 (15.8%) 1 (5.3%)
Sléni(c))r 20 (33.9%) 5(26.3%) 9 (47.4%)
31 (52.5%) 7 (36.8%) 4 (21.1%)
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Table 3. (cont’d)
GPA (4.0), (M = SD) 3.6£0.4 3.3+0.4 3.3:0.4

Table 4. Participant Demographics for Pre-Existing Conditions for Test-Retest
Students, Concussed and Non-Concussed Athletes.

Test-Retest Concussed Non-Concussed
Students Athletes Athletes
(n=159) (n=19) (n=19)
n (%) n (%) n (%)
Previous Concussion
0 42 (71.2%) 10 (52.6%) 11 (57.9%)
1 7 (11.9%) 5(26.3%) 5(26.3%)
2 6 (10.2%) 1 (5.3%) 3 (15.8%)
>3 4 (6.7%) 3 (15.8%) -
History of
Headaches/Migraines
Yes 3(5.1%) - -
No 56 (94.9%) 19 (100.0%) 19 (100.0%)
Learning
Disability/Dyslexia
Yes - - 1 (5.3%)
No 59 (100.0%) 19 (100.0%) 18 (94.7%)
ADD/ADHD
Yes 1 (1.7%) 3 (15.8%) -
No 58 (98.3%) 16 (84.2%) 19 (100.0%)
Depression
Yes 4 (6.8%) 2 (10.5%) -
No 55(93.2%) 17 (89.5%) 19 (100.0%)
Anxiety
Yes 1 (1.7%) - -
No 58 (98.3%) 19 (100.0%) 19 (100.0%)
Table 5. Participant Demographics for Sport Participation.
Concussed Non-Concussed Total
Athletes Athletes Athletes
(n=19) (n=19) (n=238)
n (%) n (%) n (%)
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Table S. (cont’d)

Level of Participation 3 (15.8%) 3 (15.8%) 6 (15.8%)
High School 8 (42.1%) 8 (42.1%) 16 (42.1%)
Club 8 (42.1%) 8 (42.1%) 16 (42.1%)
College

Sport
Baseball 1 (5.3%) 1 (5.3%) 2 (5.3%)
Field Hockey 1 (5.3%) 1 (5.3%) 2 (5.3%)
Football 5(26.3%) 5(26.3%) 10 (26.3%)
Ice Skating 1 (5.3%) 1 (5.3%) 2 (5.3%)
Quidditch 2 (10.5%) 2 (10.5%) 4 (10.5%)
ROTC 2 (10.5%) 2 (10.5%) 4 (10.5%)
Rugby 2 (10.5%) 2 (10.5%) 4 (10.5%)
Soccer 1 (5.3%) 1 (5.3%) 2 (5.3%)
Swimming 1 (5.3%) 1 (5.3%) 2 (5.3%)
Volleyball 1 (5.3%) 1 (5.3%) 2 (5.3%)
Wrestling 2 (10.5%) 2 (10.5%) 4 (10.5%)

Table 6. Sport Setting and Mechanism of Injury for Athlete’s who sustained a SRC.

Concussed Athletes
(n=19)
n (%)

Sport Setting

Club Competition 5(26.3%)

Club Practice 3 (15.8%)

High School Practice 3 (15.8%)

NCAA Competition 6 (31.6%)

NCAA Practice 2 (10.5%)
Play

Offense 13 (68.4%)

Defense 6 (31.6%)
Mechanism of Injury

Collision with Opponent 2 (10.5%)

Collision with Teammate 3 (15.8%)

Contact with Barrier/Object/Ball 5(26.3%)

Contact with Ground 7 (36.9%)

Tackled and Opponent 2 (10.5%)
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4.2.  Driving Demographics

Test-Retest Reliability of the STISIM Drive® Software

Of the 59 heathy, college-aged students, the sample reported 4.9+1.4 years of driving
experience, 5.1+2.2 days per week driving, and 4.5+4.1 hours per week driving. A majority of
the students drove a sedan vehicle (n=27, 45.8%), followed by a SUV (n=25, 42.4%) and
typically drove in a suburban area (n=42, 71.2%). Additionally, a majority of the students
reported using their cell phone to make/take calls (n=37, 62.7%) and did not read or type text
messages (n=49, 83.1%) while driving. In the past three years, the majority of students reported
receiving no tickets (n= 49, 83.1%) with two thirds reporting no accidents (n=40, 67.8%).
Furthermore, a majority of participants stated that they always (n=31, 52.5%) and almost always
(n= 26, 44.1%) use their blinker, are not an aggressive driver (n=32, 54.2%) and consider their
quality of driving to be good (n=46, 78.0%). Driving characteristics are provided in Table 7.
Separate Mann-Whitney U tests were conducted to examine if years of driving experience,
accident and ticket history should be controlled for in the inferential statistical analysis. Years of
driving experience (p=0.09), accident (p=0.33), and ticket history (»p=0.06), were not shown to be
significant and was not controlled for analysis.

Simulated Driving Performance in Concussed and Non-Concussed Athletes

Of the 38 athletes, the sample reported 4.2+1.7 years of driving experience, 5.7£1.9 days
per week driving, and 5.2+4.2 hours per week driving. A majority of the athletes drove a sedan
vehicle (n=17, 44.7%), followed by a SUV (n=10, 26.3%) and typically drove in a suburban area
(n=20, 52.6%). Additionally, a majority of the athletes reported using their cell phone to
make/take calls (n=21, 55.3%), and did not read or text messages (n=27, 71.1%) while driving.

In the past three years, athletes reported receiving no tickets (n=24, 63.2%) and no accidents
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(n=30, 78.9%). Furthermore, a majority of participants stated that they always (n=19, 50.0%) and
almost always (n=18, 47.4%) use their blinker, are not an aggressive driver (n=35, 92.1%) and
consider their quality of driving to be considered good (n=21, 55.3%). Driving characteristics are
provided in Table 7. Separate Mann-Whitney U tests were conducted to examine if years of
driving experience, accident and ticket history should be controlled for in the inferential
statistical analysis. Years of driving experience (p=0.38), accident (»p=0.88), and ticket history
(p=0.20), were not shown to be significant and was not controlled for analysis.

Table 7. Driving Demographics for Test-Retest Students, Concussed and Non-Concussed

Athletes
Test-Retest Concussed ~ Non-Concussed
Students Athletes Athletes
(n=159) (n=19) (n=19)
n (%) n (%) n (%)
Years of Driving Experience, (M + SD) 4.9+1.4 4.4+1.6 3.9+1.7
Days Driving of the Week, (M + SD) 5.1£2.2 5.2+2.1 6.2+1.4
Hours Driving of the Week, (M + SD) 4.5+4.1 4.7+4.9 5.7£3.5
Type of Vehicle
Coupe 1 (1.7%) 1 (5.3%) 2 (10.5%)
Crossover 1 (1.7%) - -
Hatchback 3(5.1%) 2 (10.5%) 3 (15.8%)
Moped - 1 (5.3%) -
Pickup 1 (1.7%) - 1 (5.3%)
Sedan 27 (45.8%) 9 (47.4%) 8 (42.1%)
SUV 25 (42.4%) 6 (31.6%) 4 (21.1%)
Wagon 1 (1.7%) - 1 (5.3%)
Areas Driving
Rural 4 (6.8%) - 2 (10.5%)
Suburban 42 (71.2%) 12 (63.2%) 8 (42.1%)
Urban 13 (22.0%) 7 (36.8%) 9 (47.4%)
Average Speed on Main Roads (35mph), 42.3+£6.6 40.5%9.1 39.1£8.4

(M +SD)
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Table 7. (cont’d)

Average Speed on Freeways (70mph),
(M +SD)

Make/Take Calls
Yes
No

Average Minutes on Phone, (M + SD)

Speed of Driving, While on the Phone
Faster
Same
Slower

Use a Headset/Bluetooth
Yes
No

Read/Type Text Messages
Yes
No

Average Texts Read on Phone,
(M £+ SD)

Average Texts Typed on Phone,
(M +SD)

Speed of Driving, While on the Phone
Same
Slower

Tickets in the Past 3 Years
0
1
2

Pulled Over, But Did Not Receive a
Ticket in the Past 3 Years

0

1

2

75.7+4.7

22 (37.3%)
37 (62.7%)

8.0+£5.7

4 (10.8%)
15 (40.5%)
18 (48.7%)

33 (55.9%)
26 (44.1%)

10 (16.9%)
49 (83.1%)

4.5+£3.9

3.0£2.8

3 (30.0%)
7 (70.0%)

49 (83.1%)
5(8.5%)
5 (8.5%)

33 (55.9%)
12 (20.3%)
13 (22.0%)
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74.9£2.9

11 (57.9%)
8 (42.1%)

6.9£5.1

6 (3-1 6)
5(26.3%)

3 (15.8%)
16 (84.2%)

6 (31.6%)
13 (68.4%)

3.3£3.6

6.5+7.4

1 (5.3%)
5(26.3%)

12 (63.2%)
6 (31.6%)
1 (5.3%)

5(26.3%)
6 (31.6%)
5(26.3%)

76.0£3.6

10 (52.6%)
9 (47.4%)

7.347.1
1 (5.3%)

7 (36.8%)
2 (10.5%)

7 (36.8%)
12 (63.2%)

5 (26.3%)
14 (73.7%)

3.843.8

3.0+£3.9

2 (10.5%)
3 (15.8%)

12 (63.2%)
6 (31.6%)
1 (5.3%)

10 (52.6%)
4 (21.1%)
4 (21.1%)



Table 7. (cont’d)

3
6
10

Accidents in the Past 3 Years
0
1
2

Who'’s at Fault from Accident
You
Other Driver
Both

DUI in the Past 3 Years
No
Yes

Blinker Usage
Always
Almost Always
Sometimes

Advance Driving
Yes
No

Aggressive Driver
Yes
No
Sometimes

Seatbelt Usage
Yes

Average Speed Compared to Traffic

About the Same
Somewhat Faster
Somewhat Slower

Quality of Driving
Excellent
Good
Average

1 (1.7%)

40 (67.8%)
18 (30.5%)
1 (1.7%)

12 (63.2%)
6 (31.6%)
1 (5.2%)

59 (100.0%)

31 (52.5%)
26 (44.1%)
2 (3.4%)

3 (5.1%)
56 (94.9%)

3 (5.1%)
32 (54.2%)
24 (40.7%)

59 (100.0%)

36 (61.0%)
20 (33.9%)
3(5.1%)

7 (11.9%)
46 (78.0%)
6 (10.2%)
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1 (5.3%)
1 (5.3%)
1(5.3%)

14 (73.7%)
3 (15.8%)
2 (10.5%)

2 (10.5%)
3 (15.8%)

19 (100.0%)

8 (42.1%)
10 (52.6%)
1 (5.3%)

2 (10.5%)
17 (89.5%)

2 (10.5%)
12 (63.2%)
5(26.3%)

19 (100.0%)

6 (31.6%)
13 (68.4%)

8 (42.1%)
9 (47.4%)
2 (10.5%)

1 (5.3%)

16 (84.2%)
3 (15.8%)

2 (10.5%)
1 (5.3%)

18 (94.7%)
1 (5.3%)

11 (57.9%)
8 (42.1%)

1 (5.3%)
18 (94.7%)

13 (68.4%)
6 (31.6%)

19 (100.0%)

7 (36.8%)
12 (63.2%)

6 (31.6%)
12 (63.2%)
1 (5.3%)



Table 7. (cont’d)

Drive Alone

Yes 34 (57.6%) 13 (68.4%) 12 (63.2%)
No 2 (3.4%) 1 (5.3%) 1 (5.3%)
Sometimes 23(39.0%)  5(26.3%) 6 (31.6%)

4.3. Evaluation of Hypotheses

Test-Retest Reliability: Memory, Planning, and Navigation Scenario

Spearman’s rho correlation coefficients between time point one and time point two
ranged from 0.35 to 0.77. ICCs reflected higher reliability than Spearman’s p across all
measures. In our entire sample, the ICC revealed poor to good reliability (0.49-0.86). Poor
performance on turn signal usage showed the most stability (ICC=0.86; [95% confidence
intervals = 0.76, 0.91]), followed by good performance of turn signal usage (ICC=0.80; [95%
confidence intervals=0.66, 0.88]) with good reliability. Missed turn signal usage (ICC=0.74),
road edge excursions (ICC=0.63), centerline crossings (ICC=0.59), and speeding tickets
(ICC=0.56) displayed moderate reliability. Over the speed limit percentage (ICC=0.49) reflected
poor reliability, however it was approaching moderate reliability. Unbiased estimate of
reliabilities were also consistent with ICCs. Car collisions were not recorded in the analysis, due
to no one hitting another car in the scenario. All measures of simulated driving performance,
except for good and poor performance of turn signal usage, showed a significant improvement
between the two assessments (Table 8).
Table 8. One Week Test-Retest Reliability for Memory, Planning, and Navigation Scenario

Variable Time 1 Time 2 p ICC ICC 95% CI UER p
Lower Upper

Turn Signal:

Good

Performance

M 16.6 13.6 0.65 0.80 0.66 0.88 0.81 <0.001
(SD) 6.7 8.1
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Table 8. (cont’d)

Turn Signal:

Poor

Performance

M 10.6 14.8 0.77 0.86 0.76 0.91 0.86 <0.001
(SD) 7.3 8.8

Turn Signal:

Missed

Performance

M 2.6 1.8 0.48 0.74 0.56 0.84 0.74 <0.001
(SD) 4.4 4.4

Speeding

Tickets

M 2.3 1.1 0.35 0.56 0.25 0.74 0.58  0.001
(SD) 2.5 1.8

Centerline

Crossings

M -0.6 -0.4 0.41 0.59 0.32 0.76 0.60 <0.001
(SD) 0.9 1.0

Road Edge

Excursions

M 0.7 0.3 0.55 0.63 0.37 0.78 0.71 <0.001
(SD) 1.6 0.8

Over Speed

Limit

Percentage

M 2.1 1.0 0.36 0.49 0.14 0.70 0.51  0.006
(SD) 3.0 2.1

ICC = Intraclass correlation coefficient
UER = Unbiased estimate of reliability
df =7; Bonferroni corrected alpha p < 0.007
Test-Retest Reliability: Car Following with DA Scenario
Spearman’s rho correlation coefficients between time point one and time point two

ranged from 0.09 to 0.40. ICCs reflected higher reliability than Spearman’s p across all

measures. Additionally, the ICC revealed poor reliability on all measures (0.25-0.65). All
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variables were below the ICC=0.75 for acceptable reliability. Stop sign tickets (ICC=0.65) and

DA response time (ICC=0.55) had moderate reliability, while all other variables had poor

reliability. Unbiased estimate of reliabilities were also consistent with ICCs. Road lane

excursions, car collisions and pedestrian collisions were not recorded in the analysis, due to no

one performing a road lane excursion, or hitting another car or pedestrian in the scenario. All

measures of simulated driving performance, except for DA response time and stop sign tickets,

did not show a significant improvement between the two assessments (Table 9).

Table 9. One Week Test-Retest Reliability for Car Following with DA Scenario

Variable Time 1 Time 2 p ICC ICC 95% CI UER p
Lower Upper

DA Total

Response

Time

M 1.9 1.4 040 055 0.25 0.74 0.58 0.001

(SD) 0.5 0.4

Speeding

Tickets

M 0.7 0.5 0.25 045 0.07 0.67 0.50 0.013

(SD) 1.8 1.0

Stop Sign

Tickets

M 2.2 1.8 041 0.65 042 0.79 0.65 <0.001

(SD) 1.6 1.6

Correct DA

Response

M 20.3 21.5 0.34 045 0.08 0.68 0.50 0.011

(SD) 2.5 1.5

Incorrect DA

Response

M 0.1 0.1 0.09 025 -0.26 0.55 0.26 0.138

(SD) 0.4 0.3
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Table 9. (cont’d)

Missed DA

Response

M 2.6 1.3 0.33 047 0.11 0.69 0.52 0.008
(SD) 2.4 1.4

Over Speed
Limit
Percentage
M 0.6 0.5 0.27 035 -0.10 0.61 0.37 0.055
(SD) 1.7 1.1
ICC = Intraclass correlation coefficient
UER = Unbiased estimate of reliability
df =7; Bonferroni corrected alpha p < 0.007

Test-Retest Reliability: Passing, Gap Judging and Merging Scenario

Spearman’s rho correlation coefficients between time point one and time point two
ranged from 0.17 to 0.32. ICCs reflected higher reliability than Spearman’s p across all
measures. Additionally, all ICCs on all measures revealed poor reliability (0.25-0.44) and were
below the ICC=0.75 for acceptable reliability. Unbiased estimate of reliabilities were also
consistent with ICCs. Road lane excursions, and car and pedestrian collisions were not recorded
in the analysis, due to no one performing a road lane excursion, or hitting another car or
pedestrian in the scenario. All measures of simulated driving performance did not show a
significant improvement between the two assessments (Table 10).
Table 10. One Week Test-Retest Reliability for Passing, Gap Judging and Merging Scenario

Variable Time 1 Time 2 p ICC ICC 95% CI UER p
Lower Upper

Turn Signal:

Good

Performance

M 3.7 3.5 0.17  0.25 -0.26 0.55 0.26  0.137
(SD) 0.7 0.5
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Table 10. (cont’d)

Turn Signal:

Poor

Performance

M 0.4 0.6 0.25 0.36 -0.08 0.62 036 0.048
(SD) 0.5 0.6

Turn Signal:

Missed

Performance

M 0.4 0.3 0.21 0.34 -0.11 0.61 0.36  0.059
(SD) 0.8 0.6

Speeding

Tickets

M 0.3 0.1 023 035 -0.10 0.61 0.38  0.053
(SD) 0.6 0.4

Over Speed
Limit
Percentage
M 0.4 0.2 032 044 0.05 0.67 0.50 0.015
(SD) 1.1 0.6
ICC = Intraclass correlation coefficient
UER = Unbiased estimate of reliability
df=5; Bonferroni corrected alpha p < 0.010

4.3.2. Simulated Driving Performance in Concussed and Non-Concussed Athletes:
Memory, Planning, and Navigation Scenario

A 2 (group) X 3 (time) repeated measures MANOV A was performed to assess
differences on simulated driving performance (i.e. road lane excursions, centerline crossings, car
collisions, speeding tickets, turn signal usage, over speed limit percentage) between concussed
and non-concussed high school and collegiate athletes, over the 3 previously described time
points. There was no group (Fi128=1.56, p=0.73) main effect or group-by-time (F120=1.56,
p=0.79) interaction for simulated driving performance, however there was a significant
difference for the time main effect (F1,20=1.56, p<0.001) (Table 11). When concussed and non-

concussed athletes were pooled, there was a time main effect for conducting good (F1,,=1.56,
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p<0.001), poor (F12=1.56, p<0.001) and missed (F1,=1.56, p=0.04) turn signal usage and
centerline crossings (F1,2=1.56, p=0.05), while all other driving measures were non-significant
for a time main effect. For good performance, participants had less, good turn signal usage from
the 72-hour session to the asymptomatic session and from the 72-hour session to the RTP
session, while no differences were seen from the asymptomatic session to the RTP session. For
poor performance, participants conducted more poor turn signal usage from the 72-hour session
to the asymptomatic session and from the 72-hour session to the RTP session, while no
differences were seen between the asymptomatic session to the RTP session. For missed
performance of turn signal usage, participants had less missed turn signal usage from the 72-hour
session to the RTP session, but no differences were seen between the 72-hour session and the
asymptomatic session and the asymptomatic session to the RTP session. Lastly for centerline
crossing, participants conducted more centerline crossings from the 72-hour session to the
asymptomatic session, but no differences were seen between the 72-hour session and the RTP
session and the asymptomatic session and the RTP session (Table 12).

Table 11. Descriptives of Simulated Driving Performance in Memory, Planning,
and Navigation Scenario

Concussed Athletes Non-Concussed Athletes
Within  Asymptomatic RTP Within  Asymptomatic ~ RTP
72 72
hours hours
Turn Signal:
Good
Performance
M 10.0 6.9 6.0 11.2 7.3 7.0
(SD) 6.1 6.4 5.9 7.8 7.7 8.6
Turn Signal:
Poor
Performance
M 16.6 22.6 23.8 15.0 20.0 22.0
(SD) 8.0 7.0 6.3 9.6 10.3 9.9
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Table 11. (cont’d)

Turn Signal:

Missed

Performance

M 3.6 1.9
(SD) 4.5 2.7
Car

Collisions

M 0.1 0.0
(SD) 0.2 0.0
Speeding

Tickets

M 8.7 7.2
(SD) 4.8 6.0
Centerline

Crossings

M -0.2 0.5
(SD) 1.5 1.3
Road Edge

Excursions

M 0.4 0.2
(SD) 1.2 0.4

1.4 4.2 3.8
1.8 6.8 6.8
0.0 0.0 0.0
0.0 0.0 0.0
6.6 6.5 52
53 5.2 5.1
-0.1 -0.7 -0.1
0.9 0.9 1.0
0.2 0.4 0.1
0.4 0.7 0.3

24
4.8

0.1
0.2

7.0
7.6

-0.1
0.6

0.1
0.5

Table 12. Descriptives of Simulated Driving Performance in Memory, Planning,
and Navigation Scenario by Time (M + SD)

All Participants
n=38
Within 72 hours Asymptomatic RTP
Turn Signal: 10.6+7.1 7.1+1.2 6.5+1.2
Good Performance
Turn Signal: 15.8+1.4 21.3+1.4 22.9+1.4
Poor Performance
Turn Signal: 3.94+0.9 2.940.8 1.9+0.6
Missed
Performance
Car Collisions 0.0+£0.3 0.0+0.0 0.03+0.3
Speeding Tickets 7.6£0.8 6.2+0.9 6.8+1.1
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Table 12. (cont’d)

Centerline -0.5+0.2 0.2+0.2 -0.1+0.1
Crossings

Road Edge 0.4+0.2 0.2+0.1 0.1+0.1
Excursions

Over Speed Limit 19.743.6 20.6+4.7 19.6+4.1
Percentage

Simulated Driving Performance in Concussed and Non-Concussed Athletes: Car

Following with DA Scenario

A 2 (group) X 3 (time) repeated measures MANOV A was performed to assess
differences in simulated driving performance (i.e. DA total response time, car collisions,
pedestrian collisions, speeding tickets, stop sign tickets, road edge excursions, correct DA
responses, incorrect DA responses, missed DA responses, over speed limit percentage,
pedestrian collision response time, car collision response time) between and within concussed
and non-concussed high school and collegiate athletes, over the 3 previously described time
points. There was no group (F127=1.48, p=0.20) main effect or group-by-time (F1,18=1.09,
p=0.43) interaction for simulated driving performance. Even though group was non-significant, it
is important to note that four concussed participants had five pedestrian collisions during this
particular scenario, while non-concussed athletes had zero pedestrian collisions, over the critical
indicators of SRC recovery. This was furthered examined in the between subjects’ univariate and
was found to be significant (p=0.05) (Figure 4).

In addition, there was also a significant main effect for time (F1,185=6.40, p<0.001) (Table
13). When concussed and non-concussed athletes were pooled, there was a time main effect in
DA total response time (F1,=1.56, p<0.001), speeding tickets (F1,=6.55, p<0.001), stop sign

tickets (F1,,=9.97, p<0.001), correct DA responses (F1,=15.88, p<0.001), incorrect DA responses
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(F1,2=3.82, p=0.04), missed DA responses (F1,2,=14.02, p<0.001), over speed limit percentage
(F12,=4.46, p=0.02), pedestrian collisions response time (F1,=21.11, p<0.001), and car collision
response time (F12,=10.37, p<0.001, while all other driving measures were non-significant for a
time main effect. For DA total response time, participants performed faster from their 72-hour
session to their asymptomatic session, their 72-hour session to their RTP session, and their
asymptomatic session to their RTP session. For speeding tickets, participants had more tickets
from their 72-hour session to their RTP session and their asymptomatic session to their RTP
session, but no differences were seen between their 72-hour session to their asymptomatic
session. For stop sign tickets, participants had less tickets from their 72-hour session to their
asymptomatic session and their 72-hour session to their RTP session, however no differences
were seen between their asymptomatic session to their RTP session. For correct DA responses,
participants performed more responses from their 72-hour session to their asymptomatic session
and their 72-hour session to their RTP session, but no differences were seen between their
asymptomatic session to their RTP session. For incorrect DA responses, participants had less
responses from their 72-hour session to their asymptomatic session, however no differences were
seen between their 72-hour session to their RTP session and their asymptomatic session to their
RTP session. For missed DA responses, participants had less responses from their 72-hour
session to their asymptomatic session and their 72-hour session to their RTP session, but no
differences were seen between their asymptomatic session to their RTP session. For over the
speed limit percentage, participants drove longer over the speed limit from their 72-hour session
to their RTP session, however no differences were seen between their 72-hour session to their
asymptomatic session and their asymptomatic session to their RTP session. For pedestrian

collision response time, participants performed faster from their 72-hour session to their
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asymptomatic session and 72-hour session to their RTP session, but no differences were seen
their asymptomatic session to their RTP session. Lastly, for car collision response time,
participants performed faster from 72-hour session to their RTP session and their asymptomatic
session to their RTP session, however no differences were seen between their 72-hour session to
their asymptomatic session (Table 14).

Table 13. Descriptives of Simulated Driving Performance in Car Following with

DA Scenario
Concussed Athletes Non-Concussed Athletes
Within  Asymptomatic ~ RTP Within  Asymptomatic ~ RTP
72 72

hours hours
DA Total
Response
Time
M 1.9 1.4 1.2 1.9 1.5 1.2
(SD) 0.5 0.4 0.4 0.5 0.5 0.3
Car
Collisions
M 0.0 0.0 0.0 0.0 0.0 0.0
(SD) 0.0 0.0 0.0 0.0 0.0 0.0
Pedestrian
Collisions
M 0.1 0.1 0.1 0.0 0.0 0.0
(SD) 0.2 0.3 0.3 0.0 0.0 0.0
Speeding
Tickets
M 2.6 2.5 4.0 2.0 3.0 3.7
(SD) 3.2 2.9 43 2.5 3.5 3.5
Stop Sign
Tickets
M 1.8 1.2 0.8 1.1 0.8 0.4
(SD) 1.6 1.5 1.5 1.4 1.2 0.5
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Table 13. (cont’d)

Road Edge
Excursions
M

(SD)

Correct DA
Responses
M

(SD)

Incorrect
DA
Responses
M

(SD)

Missed DA
Responses
M

(SD)

Over Speed
Limit
Percentage
M

(SD)

Pedestrian
Collision
Response
Time

M

(SD)

Car
Collision
Response
Time

M

(SD)

0.0
0.0

20.4

23

0.2
0.4

24
2.2

5.0
8.8

24
1.2

1.9
0.8

0.0
0.0

22.1
1.1

0.0
0.0

4.2
7.1

1.5
0.7

1.6
0.8

0.0
0.0

222
1.6

0.0
0.0

0.8
1.6

7.0
8.5

1.5
1.0

0.9
0.3

0.1
0.2

20.1
2.7

0.1
0.3

2.8
2.7

24
4.0

2.7
1.0

1.9
1.0

0.0
0.0

21.5
1.8

0.0
0.0

1.5
1.8

7.2
11.6

1.7
0.9

0.0
0.0

22.4
1.0

0.1
0.3

0.5
0.8

6.5
8.9

1.3
0.8

1.5
0.8
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Table 14. Descriptives of Simulated Driving Performance in Car Following with DA Scenario
by Time (M + SD)

All Participants

n=38

Within 72 hours Asymptomatic RTP
DA Total 1.9+0.1 1.5+0.1 1.2+0.1
Response Time
Car Collisions 0.0+0.0 0.0+0.0 0.0+0.0
Pedestrian 0.0+0.0 0.1+0.0 0.1+0.0
Collisions
Speeding Tickets 2.3+0.5 2.7£0.5 3.8+0.6
Stop Sign Tickets 1.5+0.2 1.0+0.2 0.6+0.2
Road Edge 0.0+0.0 0.0+0.0 0.0+0.0
Excursions
Correct DA 20.3+0.4 21.8+0.2 22.3+0.2
Responses
Incorrect DA 0.2+0.1 0.0+0.0 0.5+0.0
Responses
Missed DA 2.6+0.4 1.2+0.2 0.7+0.2
Responses
Over Speed Limit 3.7+1.1 5.7£1.6 6.7+1.4
Percentage
Pedestrian 2.6+0.2 1.7£0.2 1.4+0.1
Collision
Response Time
Car Collision 1.9+0.2 1.6+0.1 1.2+0.1

Response Time
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Total Number of Pedestrian Collisions
across SRC Recovery

2.5

1.5

0.5

Within 72 Hours Asymptomatic RTP

Concussed Athletes Non-Concussed Athletes

Figure 4. Total Number of Pedestrian Collisions across Concussion Recovery

Simulated Driving Performance in Concussed and Non-Concussed Athletes:

Passing, Gap Judging and Merging Scenario

A 2 (group) X 3 (time) repeated measures MANOV A was performed to assess
differences on simulated driving performance (i.e. road lane excursions, pedestrian collisions, car
collisions, speeding tickets, turn signal usage, over speed limit percentage) between concussed
and non-concussed high school and collegiate athletes, over the 3 previously described time
points. There was no between group (F1,31=1.34, p=0.27) main effect, time main effect
(F125=0.78, p=0.67), or group-by-time (F125=0.81, p=0.64) interaction for simulated driving
performance (Table 15). Even though group was non-significant, it is important to note that five
concussed participants had six car collisions during this particular scenario, while non-concussed
athletes had one car collision, over the critical indicators of SRC recovery. This was furthered

examined in the between subjects’ univariate and was found at p=0.02 (Figure 5).
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Table 15. Descriptives of Simulated Driving Performance in Passing, Gap Judging and
Merging Scenario

Concussed Athletes Non-Concussed Athletes
Within  Asymptomatic RTP Within  Asymptomatic RTP
72 72

hours hours
Turn Signal:
Good
Performance
M 3.4 3.5 3.5 3.5 3.6 34
(SD) 0.6 0.8 0.6 0.7 0.8 0.5
Turn Signal:
Poor
Performance
M 0.7 0.7 0.8 0.6 0.6 0.7
(SD) 0.9 0.7 0.6 0.6 0.5 0.5
Turn Signal:
Missed
Performance
M 0.5 0.4 0.2 0.4 0.2 0.4
(SD) 0.7 0.8 0.4 0.5 0.5 0.6
Car
Collisions
M 0.2 0.1 0.1 0.0 0.0 0.1
(SD) 0.4 0.2 0.2 0.0 0.0 0.2
Pedestrian
Collisions
M 0.0 0.0 0.0 0.0 0.0 0.0
(SD) 0.0 0.0 0.0 0.0 0.0 0.0
Speeding
Tickets
M 1.8 1.1 1.5 1.6 1.3 1.6
(SD) 2.2 1.3 1.6 1.7 1.7 2.4
Road Edge
Excursions
M 0.0 0.0 0.0 0.0 0.0 0.0
(SD) 0.0 0.0 0.0 0.0 0.0 0.0
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Table 15. (cont’d)

Over Speed
Limit
Percentage
M 6.6 5.6 7.4 6.6 9.3 7.7
(SD) 9.8 9.9 10.1 9.8 15.6 11.7
Total Number of Car Collisions
across SRC Recovery
5
4
3
2
1
0
Within 72 Hours Asymptomatic RTP
Concussed Athletes Non-Concussed Athletes

Figure 5. Total Number of Pedestrian Collisions across Concussion Recovery

4.3.3. The Relationship between Simulated Driving Performance and SRC Tools:
Memory, Planning, and Navigation Scenario

All of the moderate to strong correlations for the three critical indicators of concussion
recovery, of the concussed athletes, are presented in Tables 16-18. The current scenario observed
numerous moderate and strong correlations (p=0.50 - 0.76) between SRC tools and simulated
driving performance, during the critical indicators of the concussion recovery. Within the 72-
hour session, the BESS test (p=0.50) and VOMS (p=-0.54 - 0.53) were found to have moderate
correlations with simulated driving performance. Within the hard surface of the BESS, if a

concussed athlete had more total number of errors, they had a better performance of turn signal
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usage. Within the VOMS, if a concussed athlete had more VMS domain symptoms, they
committed lower turn signal usage. Furthermore, if a concussed athlete had more vertical
saccades domain symptoms, they committed worse turn signal usage. Lastly, if a concussed
athlete had more smooth pursuit domain symptoms, they drove over the speed limit longer

(Table 16).

Table 16. Moderate Correlations between SRC Tools and Simulated Driving Performance
within the 72-Hour Session of the Concussion Recovery

Concussed Athletes
n=19
SRC Tools Simulated Driving p )%
Performance
BESS:
Hard Total Turn Signal: -0.50 0.030
Errors* Missed
Performance*
VOMS:
VMS Domain* Turn Signal: -0.54 0.016
Good Performance
Vertical Turn Signal: 0.53 0.020
Saccades Missed
Domain* Performance*
Smooth Over Speed Limit 0.50 0.030

Pursuit Domain*  Percentage*
*Indicates that a higher value represents poorer performance.

Within the asymptomatic session, the BESS test (p=-0.50 - 0.52) and ImPACT (p=-67 -
0.76) were found to have moderate to strong correlations with simulated driving performance.
Within the soft surface of the BESS, if a concussed athlete had more total number of errors, they
had lower turn signal usage. Furthermore, if a concussed athlete had more total number of errors
on the hard surface of the BESS, they committed more road lane excursions. Within the
ImPACT, if a concussed athlete had poorer performance on the verbal or visual memory

composite scores, they committed worse turn signal usage. In addition, if a concussed athlete had
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a slower reaction time composite score, they committed better turn signal usage. Lastly, if a
concussed athlete had poorer performance within the visual motor speed composite score, they

committed worse turn signal usage (Table 17).

Table 17. Moderate to Strong Correlations between SRC Tools and Simulated Driving
Performance within the Asymptomatic Session of the Concussion Recovery

Concussed Athletes
n=19
SRC Tools Simulated Driving p p
Performance
BESS:
Soft Total Errors* Turn Signal: -0.50 0.031
Good Performance
Turn Signal: 0.52 0.022
Poor Performance*
Hard Total Errors*  Road Edge 0.65 0.003
Excursions*
ImPACT:
Verbal Memory Turn Signal: -0.55 0.015
Composite Missed
Performance*
Visual Memory Turn Signal: -0.65 0.003
Composite Missed
Performance*
Reaction Time* Turn Signal: -0.67 0.002
Composite Missed
Performance*
Visual Motor Speed Turn Signal: 0.57 0.011
Composite Poor Performance*
Turn Signal: 0.76 <0.001
Missed
Performance*

*Indicates that a higher value represents poorer performance.
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Within the RTP session, the INPACT (p=-0.67-0.70) was found to have moderate to
strong correlations with simulated driving performance. Within the InPACT, if a concussed
athlete had poorer performance within the visual memory composite score, they had a better
performance of turn signal usage. Furthermore, if a concussed athlete had poorer performance
within the visual motor speed composite score, they committed worse turn signal usage.
Additionally, if a concussed athlete had a slower reaction time composite score, they committed
worse turn signal usage. Lastly, if a concussed athlete had poorer performance within the
impulse control composite score, they committed worse turn signal usage and had fewer
speeding tickets (Table 18).

Table 18. Moderate to Strong Correlations between SRC Tools and Simulated Driving
Performance within the RTP Session of the Concussion Recovery

Concussed Athletes
n=19
SRC Tools Simulated Driving p P
Performance
ImPACT:
Visual Memory Turn Signal: 0.62 0.005
Composite Missed
Performance*
Visual Motor Turn Signal: -0.62 0.005
Speed Composite  Missed
Performance*
Reaction Time Turn Signal: 0.70 0.001
Composite* Missed
Performance*
Turn Signal: -0.67 0.002
Poor Performance*
Impulse Control ~ Turn Signal: 0.56 0.013
Composite* Missed
Performance*
Speeding Tickets* -0.51 0.025

*Indicates that a higher value represents poorer performance.
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The Relationship between Simulated Driving Performance and SRC Tools: Car

Following with DA Scenario

All of the moderate correlations for the three critical indicators of concussion recovery, of
the concussed athletes, are presented in Tables 19-21. The current scenario observed numerous
moderate to strong correlations (p=0.50-0.90) between SRC tools and simulated driving
performance, during the critical indicators of the concussion recovery. Within the 72-hour
session, the BESS test (p=-0.55) and ImPACT (p=-0.58) were found to have moderate
correlations with simulated driving performance. Within the hard surface of the BESS, if a
concussed athlete had more total number of errors, they had less stop sign tickets. Within the
ImPACT, if a concussed athlete had poorer performance within their visual memory composite
score, they had more stop sign tickets (Table 19).

Table 19. Moderate Correlations between SRC Tools and Simulated Driving Performance
within the 72-Hour Session of the Concussion Recovery

Concussed Athletes
n=19
SRC Tools Simulated Driving p )%
Performance
BESS:
Hard Total Stop Sign Tickets* -0.55 0.015
Errors*
ImPACT:
Visual Memory Stop Sign Tickets* -0.58 0.009
Composite

*Indicates that a higher value represents poorer performance.

Within the asymptomatic session, symptoms (p=-0.57 - -0.59) and ImPACT (p=0.53)
were found to have moderate correlations with simulated driving performance. Within
symptoms, if a concussed athlete had a more total number of symptoms and severity, they had

less stop sign tickets. Within the InPACT, if a concussed athlete had poorer performance within
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their visual memory composite score, they had a slower total response time on the DA tasks

within the current scenario. (Table 20).

Table 20. Moderate Correlations between SRC Tools and Simulated Driving Performance
within the Asymptomatic Session of the Concussion Recovery

Concussed Athletes
n=19
SRC Tools Simulated Driving p p
Performance

Symptoms:

Total Number* Stop Sign Tickets* -0.59 0.008

Total Severity* Stop Sign Tickets* -0.57 0.011
ImPACT:

Visual Memory DA Total -0.53 0.019

Composite Response Time*

*Indicates that a higher value represents poorer performance.

Within the RTP session, the INPACT (p=-0.75 - 0.63) and VOMS (p=-0.61 - 0.50) were
found to have moderate to strong correlations with simulated driving performance. Within the
VOMS, if a concussed athlete had more VMS domain symptoms, they committed less correct
and missed DA responses, and were slower to react to pedestrian collisions. Within the InPACT,
if a concussed athlete had poorer performance within their visual motor speed composite score,
they performed worse and slower on DA responses, had more speeding tickets, drove over the
speed limit longer, and were slower to react to car collisions. Moreover, if a concussed athlete
had poorer performance within their reaction time composite score, they performed worse and

slower on DA responses, had more stop sign tickets, and drove over the speed limit longer (Table

21).
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Table 21. Moderate to Strong Correlations between SRC Tools and Simulated Driving
Performance within the RTP Session of the Concussion Recovery

Concussed Athletes
n=19
SRC Tools Simulated Driving p p
Performance
VOMS:
VMS Domain* Correct DA -0.61 0.006
Responses
Missed DA -0.61 0.006
Responses*
Pedestrian 0.50 0.030
Collision Response
Time*
ImPACT:
Visual Motor DA Total -0.56 0.012
Speed Composite  Response Time*
Speeding Tickets* -0.64 0.003
Correct DA 0.50 0.029
Responses
Missed DA -0.50 0.029
Responses*
Over Speed Limit -0.75 <0.001
Percentage*
Car Collision -0.61 0.006
Response Time*
Reaction Time* DA Total 0.59 0.008
Composite Response Time*
Stop Sign Tickets* 0.63 0.004
Correct DA -0.55 0.015
Responses
Missed DA 0.55 0.015
Responses*
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Table 21. (cont’d)

Over Speed Limit 0.62 0.005
Percentage*
Car Collision 0.55 0.015

Response Time*
*Indicates that a higher value represents poorer performance.

The Relationship between Simulated Driving Performance and SRC Tools: Passing, Gap

Judging and Merging Scenario

Within the 72-hour session, the ImPACT (p=0.51) was found to have a moderate
correlation with simulated driving performance. Within InPACT, if a concussed athlete had
poorer performance within their reaction time composite, they had a better performance of signal
usage. (Table 22).

Table 22. Moderate Correlations between SRC Tools and Simulated Driving Performance
within the 72-Hour Session of the Concussion Recovery

Concussed Athletes
n=19
SRC Tools Simulated Driving p p
Performance
ImPACT:
Reaction Time* Turn Signal: 0.51 0.025
Composite Good Performance

*Indicates that a higher value represents poorer performance.
Within the asymptomatic session, the SRC tool (VOMS) was found to have a strong
correlation (p=0.73) with simulated driving performance. Within VOMS, if a concussed athlete

had more smooth pursuit domain symptoms, they committed more car collisions. (Table 23).
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Table 23. Moderate to Strong Correlations between SRC Tools and Simulated Driving
Performance within the Asymptomatic Session of the Concussion Recovery

Concussed Athletes
n=19
SRC Tools Simulated Driving p p
Performance
VOMS:
Smooth Pursuit Car Collisions* 0.73 <0.001
Domain*

*Indicates that a higher value represents poorer performance.

Within the RTP session, the BESS (p=0.58), VOMS (p=0.50), and ImPACT (p=-0.64 - -
0.54) were found to have moderate correlations with simulated driving performance. Within the
soft surface of the BESS, if an athlete had more total number of errors, they had worse turn
signal usage. Within VOMS, if a concussed athlete had more VMS domain symptoms, they had
better turn signal usage. Within InPACT, if a concussed athlete had poorer performance within
their visual motor speed composite score, they had more speeding tickets. Within InPACT, if an
athlete had poorer performance within their impulse control composite score, they had better turn
signal usage (Table 24).

Table 24. Moderate Correlations between SRC Tools and Simulated Driving Performance
within the RTP Session of the Concussion Recovery

Concussed Athletes
n=19
SRC Tools Simulated Driving p p
Performance
BESS:
Soft Total Errors*  Turn Signal: 0.58 0.009
Poor Performance*
VOMS:
VMS Domain* Turn Signal: 0.50 0.031
Good Performance
ImPACT:
Visual Motor Speeding Tickets * -0.54 0.017
Speed Composite
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Table 24. (cont’d)

Impulse Control Turn Signal: -0.64 0.003
Composite* Missed
Performance*

*Indicates that a higher value represents poorer performance.
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CHAPTER 5
DISCUSSION

5.1.  Overview of Study

The purpose of this study was to examine the test-retest reliability of the STISIM Drive®
software and the simulator among collegiate students, with one week in between test sessions.
Results from the test-retest, revealed a range of poor to good reliability of the driving scenarios,
among collegiate students. Moderate to good ICC values were found in good, poor, and missed
turn signal usage, speeding and stop sign tickets, centerline crossings, DA total response time
and road edge excursions. Even though no significant statistical differences were found for group
or the interaction of group and time, concussed athletes presented with worse clinical outcomes,
such as the pedestrian and car collisions, compared to their counterparts. This study also
observed several correlations between simulated driving performance and SRC tools (i.e.
symptoms, balance, neurocognition, VOMS) among the concussed group. These preliminary
findings may guide healthcare providers, educators, and researchers in developing a
comprehensive driving evaluation for concussed individuals.

Test-Retest Reliability of the STISIM Drive® Software

Evaluating changes or deficits in driving performance should be considered as part of the
healthcare provider’s SRC management practice. The STISIM Drive® software is designed for
medical and occupational therapy applications and is used to facilitate the diagnosis, evaluation,
treatment, and rehabilitation process of the needs of patients experiencing a head injury or
impairment. A key advantage of the STISIM Drive® software, is the ease of delivery, meaning it
allows healthcare providers to create and utilize pre-designed scenarios to track the evaluation

process, interpret the driving results, and plan a treatment for each patient. Driving simulations
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appear to be a sensitive method to evaluate driving performance®**?*> and the STISIM Drive®
software has been shown to correlate with on-road testing.??>*?” However, additional research is
needed to examine the test-retest reliability of the STISIM Drive® software and simulators.

The current study strongly supported the memory, planning, and navigation scenario for
acceptable reliability, however the study partially supported the car following with DA scenario
and the passing, gap judging and merging scenarios, due to poor to moderate reliability. Within
the memory, planning, and navigation scenario, turn signal usage, road edge excursions,
centerline crossings, and speeding tickets were found to have moderate to good reliability, while
over the speed limit percentage was approaching moderate reliability. Importantly, no
participants collided with other vehicles during the current scenario. Within the car following
with DA scenario, stop sign tickets and DA total response times were found to have moderate
reliability. However, speeding tickets, DA responses, and over the speed limit percentage had
poor reliability. Additionally, no participants collided with other vehicles or pedestrians, and had
no road lane excursions during this particular scenario. Within the passing, gap judging and
merging scenario, turn signal usage, speeding tickets, and over the speed limit percentage
reflected poor reliability. Furthermore, no participants collided with other vehicles or
pedestrians, and had no road lane excursions during this present scenario.

While the study found moderate to good reliability among several driving measures
across the scenarios, some driving measures were found to have poor reliability (i.e. speeding
tickets, driving longer over the speed limit, and DA responses). A possible explanation for poor
reliability on speeding tickets and over the speed limit percentage, could be due to the participant
not adjusting to the spring-loaded gas and brake pedals within the simulator, as compared to a

vehicle with hydraulic pedals. For the poor reliability on correct, incorrect and missed DA
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responses, participants could have had trouble locating the buttons on the steering wheel to
insinuate a DA task response was activated within the scenario. These DA response buttons are
not normally located on a steering wheel in an actual vehicle, which could have led to poor
learning effects of these buttons within the simulator. Lastly, turn signal usage could have also
be a concern within the simulator, since the turn signals controls were paddles instead of levers
within an actual vehicle. Future studies should examine the use of hydraulic pedals and turn
signal levers, to mimic a vehicle more accurately, than the equipment used in the current study.

Notably, the current study found that road edge excursions, car and pedestrian collisions
were good predictors of the STISIM Drive® software, due to no one colliding with another
pedestrian or vehicle and committed no road lane excursions at any point within any given
scenario. This indicates that participants could drive within their lane, without driving over the
right line of the road into the sidewalk. When examining pedestrian collisions within the driving
scenarios, participants were able to navigate around pedestrians crossing in the crosswalk and
pedestrians unexpectedly walking in front of the on-coming moving vehicle. Lastly regarding car
collisions, participants were able to navigate around traffic and taking left turns in front of on-
coming traffic, as well as vehicles unexpectedly pulling out in front of the on-coming moving
vehicle. These driving measures of the STISIM Drive® software could be due to the force
feedback steering wheel of the simulator, which could have been a good indicator that
participants felt comfortable with the steering wheel, which mimicked the feel of a realistic car.

Simulated Driving Performance in Concussed and Non-Concussed Athletes

It is well-established that driving performance depends on an individual’s ability to multi-
task in several different domains, such as cognitive, visual, and motor function abilities.

Accordingly, an impairment in cognitive functioning is a predictor of worse driving
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outcomes.?®?*> Much of the research in this area has been conducted in individuals with severe
cognitive conditions (i.e. TBI, Alzheimer’s disease), however little research has examined the
role that SRC plays in driving ability. The question remains for healthcare professionals working
with concussed athletes, is how long do the impairments of a SRC last and how do we decide
when it is safe for our athletes to return to drive? A 2016 article?'” reported that at 8 different
locations of a Nationwide Children’s hospital, approximately 9% of their sports medicine staff
documented driving recommendations for their concussed patients. Even though there are
various reasons of the low rate of providing driving recommendations, there are no clear
guidelines or consensus statements regarding the timing of returning a concussed athlete back to
driving. Furthermore, driving recommendations have largely been based on clinical experience
and expert opinion.

In the current study, athletes who sustained a SRC who were asymptomatic and cleared
for full return to sport participation presented with more car and pedestrian collisions, as
compared with non-concussed matched controls. Moreover, four concussed athletes (21.1%) had
five pedestrian collisions and five concussed athletes (26.3%) had 6 car collisions in the driving
scenarios, resulting in a total of 11 collisions from nine concussed athletes (47.4%). Even though
there were no significant differences between group or group X time, this notorious finding in
concussed athletes is clinically meaningful! Additionally, concussed athletes continued to collide
with pedestrians and other vehicles throughout the SRC recovery period. This finding is in
contrast to Schmidt et al.*!, who found no differences in total crashes among concussed and non-
concussed participants. With concussed athletes colliding with more pedestrians and other
vehicles, this could lead to an increase in financial burden to both potential parties among vehicle

damages and medical bills for injuries, legal actions, and funeral arrangements for a possible
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death of someone in the accident. Furthermore, this could also lead to a decrease in social aspects
of life, which could cause mental conditions (i.e. depression), family or care-taker burden, and/or
isolation and lack of independence.

There is limited evidence to suggest that clinicians should consider recommending

28.212.213 yp to the asymptomatic stage*! of a sustained

driving restrictions for the first 24-hours
mTBI. Within the first 24-hours of a sustained mTBI, Preece et al.?®2!* found mTBI patients
were significantly slower to react to traffic hazards on the UQ-HPT, when compared to the minor
orthopedic injuries group, while Baker et al.?!? found slower times on the OT-DHMT in mTBI
patients. In another study conducted by Preece et al.?®, they found that mTBI patients detected
fewer traffic hazards, when compared to the controls. These findings from mTBI patients are
similar to the current study, as athletes were colliding with other vehicles and pedestrians and
were slower to react to these hazards. Further investigation is necessary to determine the specific
time-point at which concussed individuals should return to driving.

This was the first study to examine other driving variables that have not been examined
in other studies, which included DA total response time, DA responses, turn signal usage, and
over the speed limit percentage. However, no differences were seen in these particular variables
between concussed and non-concussed athletes. However, when examining the asymptomatic
stage of a sustained concussion, Schmidt et al.*! found more right lane excursions compared to a
control group, however this study found no differences in right lane excursions on any of the
three driving scenarios, at any critical indicators of the SRC recovery. A possible reason as to
why this study did not see any road lane excursions in any driving scenarios, at any time session,
could be due to the force feedback steering wheel that was utilized in our simulator, to mimic the

feel of a steering wheel in an actual vehicle. Additionally, Schmidt et al.*! only used a simulated
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wheel and pedal system through a desktop computer, compared to the study’s custom-built

simulator. However, similar findings were found when compared to Schmidt et al.*!

, as NO
differences were seen with speeding or stop sign tickets among concussed and non-concussed
participants. This could be due to the realistic nature of abiding by the law in regard to speeding
or stopping at a stop sign. Another possible explanation is that the participants knew that the
research investigator was watching their driving performance throughout their testing and could
have felt tenser while driving, in order to perform better and have less tickets.

The Relationship between Simulated Driving Performance and SRC Tools

Further evidence concerning methods used to determine fitness to drive following a SRC
is needed among concussed athletes. This study provides preliminary direction regarding
common SRC tools, that may best indicate continued driving impairment following a SRC.
During the current study, there were several moderate-strong relationships between SRC tools
and driving measures, throughout the critical indicators of the SRC recovery, among the
concussed athletes. More specifically, InPACT had the strongest relationships, followed by
BESS and VOMS for the SRC tools, which were associated worse turn signal usage, DA
responses, and stop sign tickets. These results provide a starting point to guide further research
ultimately aimed at providing clinicians tools to guide driving recommendations based on
neuropsychological performance, since simulators are not easily accessible in the clinical setting.

In the current study, there were four SRC measures that strongly correlated with
simulated driving performance. Within the asymptomatic session of a sustained SRC, the study
found that if concussed athletes had poorer visual motor speed on the InPACT, that they would
have worse or even no turn signal usage. This could be due to the inability to efficiently integrate

the driver’s eyes and their visual field while driving, and simultaneously using their hands to
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complete the task of turning on their turn signal. Additionally, the study found that if concussed
athletes had higher symptoms on their VOMS smooth pursuit domain, it was correlated with
more car collisions. This relationship could be due to having higher severity of symptoms and
the saccades nature of the smooth pursuit domain, the concussed athletes may have less ability to
react to a slow-moving vehicle pulling out in front of them unexpectedly or turning against on-
coming traffic. Lastly within the RTP testing session, concussed athletes presented with slower
reaction times on the ImPACT, which correlated with poorer turn signal usage. The study also
found poorer performance on visual motor speed on the INPACT, which correlated with driving
over the speed limit longer, during the RTP testing session. A possible reason of slower reaction
times could be due to when concussed athletes are turning or changing lanes, it takes them longer
to put on their turn signal and could result in worse consequences to them and/or others on the
road by not showing their intentions. Additionally, it could cause the inability to efficiently
integrate the driver’s eyes and their visual field while driving, and simultaneously using their
foot to use the gas pedal and to stay under the speed limit. Even though turn signal usage and
driving over the speed limit longer may not be high-risk driving measures, such as a pedestrian
or vehicle collision, turn signals allow other drivers on the road to know your intentions of
turning or changing lanes. If one did not use their turn signals, it could lead to unintentional
accidents between the concussed driver and others on the road. Furthermore, driving over the
speed limit longer is considered risky driving and therefore could have fatal costs on all parties
involved, such as greater potential for loss of vehicle control, increased degree of crash severity
leading to more severe injuries and increased stopping distance after the driver perceives danger.
A small cohort study*! conducted testing within 48 hours after symptom resolution in

concussed athletes and students and explored the relationship between several
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neuropsychological assessments and driving performance. Even though they used different
neuropsychological tests than the current study, they found several strong and significant
correlations between symbol digit modalities, Rey Osterrieth Complex Figure accuracy, and the
CNS Vital Signs verbal memory and motor speed domains with more road lane excursions, total
crashes and more total tickets. These findings along with the current study provide some
direction regarding which neuropsychological functions and SRC tools may predict driving
performance. In addition, these findings are also supported by a few different researchers, who
found evidence that verbal and visual memory, attention, processing speed, and cognitive
flexibility can predict the ability to return to drive after sustaining a TB1.24***> However, the
generalizability of these findings to the population of athletes with SRCs is still left unclear.
5.2. Limitations

The current study had several limitations. The first limitation is in regard to the
participants. We had a small sample size for concussed and non-concussed athletes, as well as
the participants were recruited from the Mid-Michigan area, which cannot be generalizable to the
entire US high school and collegiate populations. Secondly, there were unequal groups for sex
(i.e. male, female) and level of sport (i.e. high school, club, collegiate). Even though these
factors were not discussed and focused on in the current study, one could not make assumptions
for these populations in their simulated driving ability. Another limitation of the study was that
even though simulated driving has been validated as a reliable measure of evaluating driving
abilities, on-road driving performance may produce different effects. Lastly, the simulation of
the road environment was not as “realistic” as on-road driving. This topic is very complicated,

because the more details that are provided in the scenario, the slower the simulator will run.
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5.3.  Conclusion

Based upon these differences in driving performance between concussed and non-
concussed athletes, future studies are needed to continue to investigate simulated driving
performance among concussed athletes in order to create recommendations and guidelines for
clinicians. Additionally, we need to continue to investigate what SRC tools comprise the best
evaluation of return to drive in athletic populations. Furthermore, additional longitudinal studies
are needed to track simulated driving performance further out from the return to full participation
stage, since concussed athletes are sustaining more pedestrian and car collisions than non-
concussed athletes. The decision regarding return to drive after a SRC is a very difficult decision,
with limited research to make guidelines and recommendations for clinicians. Even though this
study shows merit, it could be reasonable to develop supportive strategies which encourage
concussed patients to reduce their speed, avoid night-time driving, avoid driving while fatigued,
limit distractions (i.e. radio, people in the vehicle, cell phone use), and low traffic time. This may
reduce the temporary safety risk, while they return back to baseline for their return to school and

return to sport participation.
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APPENDIX A: Demographic Survey: SRC Injury Group

Subject Identification:

1. Date: / /

2. Date of Birth: / /

3. Age:

4. Gender (Check one): [] Male (] Female

5. Race (Check one):
| Asian
] Native American or Alaska Native
" Native Hawaiian or Other Pacific Islander
"1 Hispanic Black
] Non-Hispanic Black or African American
"1 Hispanic White
] Non-Hispanic White

] Other
6. Height: /
Feet Inches
7. Weight: Pounds
8. Handedness (Check one): [] Right [ Left '] Both
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9.

10.

11.

12.

13.

Sport (Check one):
] Football

' Soccer

] Field Hockey

] Ice Hockey

] Basketball

[ Lacrosse

[l Swimming/Diving
[ Golf

[ Volleyball

] Tennis

'] Rowing

] Baseball

[ Softball

] Cheerleading

[ Cross Country

] Track/Field

'] Wrestling

] Other

Academic Year (Check one):
[ Freshman

'] Sophomore

] Junior

] Senior

] Other

Contacts/Glasses (Check one): [J Yes [J No

If yes, are they wearing them now (Check one)? [ Yes

Current GPA (Based on 4.0 scale):

Concussion History:

Have you ever had a previous concussion: [] Yes "1 No

Date of previous concussion not including current:

If yes, how many previous concussion(s) have you had?

(] No

[1 Unknown
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14. Date of Injury: / /

15. Time of Injury:

16. Situation:

'] NCAA practice
"] NCAA game

] Club practice
"1 Club game

17. Play:
[1 Offensive
[ Defensive

18. Mechanism of Injury (Select all that apply):
] Tackled by opponent

1 Tackled an opponent

I Blocking

"1 Contact with ground

] Contact with barrier/object/ball
"1 Collision with opponent

"I Collision with teammate

"1 Checking an opponent

] Checked by an opponent

] Other
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APPENDIX B: Demographic Survey: Match Control Group

Subject Identification:

1. Date: / /

2. Date of Birth: / /

3. Age:

4. Gender (Check one): [] Male (] Female

5. Race (Check one):
] Asian
] Native American or Alaska Native
] Native Hawaiian or Other Pacific Islander
"1 Hispanic Black
] Non-Hispanic Black or African American
] Hispanic White
"] Non-Hispanic White

] Other
6. Height: /
Feet Inches
7. Weight: Pounds
8. Handedness (Check one): [ Right [ Left [l Both
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9. Sport (Check one):

10.

11.

12.

13.

14.

] Football

[ Soccer

] Field Hockey
) Ice Hockey

] Basketball

[l Lacrosse

'] Swimming/Diving
[ Golf

[ Volleyball

] Tennis

'] Rowing

] Baseball

[ Softball

"1 Cheerleading
] Cross Country
] Track/Field

'] Wrestling

] Other

Academic Year (Check one):
[ Freshman

] Sophomore

] Junior

] Senior

] Other

Contacts/Glasses (Check one): [J Yes [J No

If yes, are they wearing them now (Check one)? ] Yes

Current GPA (Based on 4.0 scale):

[1 No

Matched Control Subject: Linked to Injury Subject: 1-

Concussion History:

Have you ever had a previous concussion (Check one): [ Yes

Date of last concussion:

If yes, how many previous concussion(s) have you had?

[0 Unknown
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APPENDIX C: Demographic Survey: Test-Retest

Basic Demographics (Test-Retest)

Subject Identification:

1. Date: / /
2. Date of Birth: / /
3. Age:

4. Gender (Check one): [ Male '] Female

5. Race (Check one):
] Asian
] Native American or Alaska Native
] Native Hawaiian or Other Pacific Islander
"] Hispanic Black
] Non-Hispanic Black or African American
] Hispanic White
1 Non-Hispanic White

] Other
6. Height: /
Feet Inches
7. Weight: Pounds
8. Handedness (Check one): [] Right [ Left '] Both
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9. Academic Year (Check one):
] Freshman
1 Sophomore
] Junior
] Senior
] Other

10. Contacts/Glasses (Check one): [l Yes [1 No

If yes, are they wearing them now (Check one)?  [] Yes "1 No
11. Current GPA (Based on 4.0 scale):
12. Concussion History:

Have you ever had a previous concussion (Check one): [ Yes [JNo [] Unknown

Date of last concussion:

If yes, how many previous concussion(s) have you had?
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Subject Identification:

1.

. How many days of the week do you drive (1-7 days)?

APPENDIX D: Driving Questionnaire

What type of vehicle do you currently drive?
0J Sedan

[ SUV

I Pickup

'] Coupe

00 Minivan

L] Wagon

[0 Hatchback

[ Convertible

0 Full-Sized Van
[J Semi Truck

[0 Other

How many years have you been driving?

How many hours do you typically drive in a week?

. Where do you typically drive?

) Rural (Country)

] Suburban (Residential area on the outskirts of a city)
) Urban (City)

"I Other

What is the average speed that you drive on the main roads (40mph)?

What is the average speed that you drive on the freeways (70mph)?

Do you use your cell phone to make or take phone calls while driving? [ Yes [] No
a. If yes, how many minutes do you spend on your phone calls?

b. Do you notice if you tend to drive slower or faster than usual while talking on

your phone? [ Slower | Faster [l Same
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9. Do you wear a headset or use Bluetooth when using your cell phone?
JYes [INo

10. Do you use your cell phone to text while driving? [] Yes '] No

a. If yes, how many texts do you send while driving on a typical day?

b. If yes, how many texts do you read while driving on a typical day?

c. Do you notice if you tend to drive slower or faster than usual while texting on
your phone? [ Slower | Faster ] Same

11. How many tickets have you received from an officer within the past 3 years?

12. How many times have you been pulled over by an officer regardless if you received a
ticket or not, within the past 3 years?

13. How many accidents have you been in within the past 3 years?
a. Who was at fault? [ You "I The other driver
b. Explain the situation

14. Have you received a DUI within the past 3 years? [] Yes "1 No

15. How often do you use you blinker/turn signal?
'] Always

"1 Almost always
00 Sometimes

[ Seldom

[] Never
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16.

17.

18.

19.

20.

21

22.

What is your license type?
(e.g. Type A-D, Class A-C)

Have you previously had an advanced driving training course within the past 3 years?
1 Yes '] No

Do you consider yourself to be an aggressive driver? [ Yes [ No [ Sometimes

Do you wear a seatbelt? [] Yes '] No ] Sometimes

How fast do you drive compared to the average flow of traffic?
00 Much faster

[J Somewhat faster

00 About the same

[J Somewhat slower

[0 Much slower

. How do you rate the quality of your driving?

0 Excellent
[ Good

'] Average
U Fair

[] Poor

Do you typically drive alone? 1 Yes '] No '] Sometimes
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APPENDIX E: Sport Concussion Assessment Tool 5

-

IMMEDIATE OR ON-FIELD ASSESSMENT

The following elements should be assessed for all athletes who
are suspected of having a concussion prior to proceeding to the
neurocognitive assessment and ideally should be done on-field after
the first first aid / emergency care priorities are completed.

If any of the “Red Flags"” or observable signs are noted after a direct
or indirect blow to the head, the athlete should be immediately and
safely removed from participation and evaluated by a physician or
licensed healthcare professional.

Consideration of transportation to a medical facility should be at
the discretion of the physician or licensed healthcare professional.

The GCS is important as a standard measure for all patients and can
be done serially if necessary in the event of deterioration in conscious
state. The Maddocks questions and cervical spine exam are critical
steps of the immediate assessment; however, these do not need to
be done serially.

STEP 1: RED FLAGS

RED FLAGS:

Neck pain or Seizure or convulsion

tenderness -
Loss of consciousness

HBublE i sion Deteriorating

conscious state

Weakness or tingling/
burning in arms or legs

Vomiting
Severe or increasing

Readache Increasingly restless,

agitated or combative

STEP 2: OBSERVABLE SIGNS

Witnessed O Observed on Video O

Lying motionless on the playing surface Y N

Balance / gait difficulties / motor incoordination: stumbling, slow /

laboured movements e 5
Disorien_tation or confusion, or an inability to respond appropriately v N
to questions

Blank or vacant look Y N
Facial injury after head trauma Y; N
STEP 3: MEMORY ASSESSMENT
MADDOCKS QUESTIONS?

“l am going to ask you a few questions, please listen carefully and

give your best effort. First, tell me what happened?”

Mark Y for correct answer / N for incorrect

What venue are we at today? Y N
Which half is it now? e N
Who scored last in this match? W N
What team did you play last week / game? Y N
Did your team win the last game? i N

Note: Appropriate sport-specific questions may be substituted.

Name:

DOB:

Address:

ID number:

Examiner:

Date:

STEP 4: EXAMINATION
GLASGOW COMA SCALE (GCS)?

Time of assessment

Date of assessment

Best eye response (E)

No eye opening 1
Eye opening in response to pain 2
Eye opening to speech 3
Eyes opening spontaneously 4

Best verbal response (V)

No verbal response 1
Incomprehensible sounds 2
Inappropriate words 3
Confused o
Oriented 5

Best motor response (M)

No motor response il
Extension to pain 2
Abnormal flexion to pain 3
Flexion / Withdrawal to pain 4
Localizes to pain 5
Obeys commands 6

Glasgow Coma score (E+V + M)

CERVICAL SPINE ASSESSMENT

Does the athlete report that their neck is pain free at rest?

If there is NO neck pain at rest, does the athlete have a full
range of ACTIVE pain free movement?

Is the limb strength and sensation normal?

In a patient who is not lucid or fully
conscious, a cervical spine injury should
be assumed until proven otherwise.
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OFFICE OR OFF-FIELD ASSESSMENT (

Please note that the neurocognitive assessment should be done in a BT

distraction-free environment with the athlete in a resting state. DOB:
Address:

STEP 1: ATHLETE BACKGROUND Bt

Sport / team / school: Examiner:
Date:

Date / time of injury:

Years of education completed:

- 2

Gender: M/ F/ Other

STEP 2: SYMPTOM EVALUATION

The athlete should be given the symptom form and asked to read this instruction

: f paragraph out loud then complete the symptom scale. For the baseline assessment,
How many d Iagnosed concussions has the the athlete should rate his/her symptoms based on how he/she typically feels and for
athlete had in the past?: the post injury assessment the athlete should rate their symptoms at this point in time.

Dominant hand: left / neither / right

When was the most recent concussion?: PlesseGhucks [ Bsneline: [ [Postsinjary

How long was the recovery (time to being cleared to play) Please hand the form to the athlete
from the most recent concussion?: (days)
none mild moderate severe
Has the athlete ever been: Headache 0 1 2 3 4 & 6
“Pressure in head” 0 1 2 8 4 5 6
Hospitalized for a head injury? Yes No .
Neck Pain 0 1 2 3 4 5 6
Nausea or vomiting 0 1 2 3 4 5 6
Diagnosed / treated for headache disorder or migraines? Yes No Dizziness 5 p 5 = 7 B 2
Blurred vision 0 1 2 3 4 5 6
Diagnosed with a learning disability / dyslexia? Yes No Balance problems 0 1 2 3 4 5 6
Sensitivity to light 0 1 2 3 4 5 6
Diagnosed with ADD / ADHD? Yes No Sensitivity to nolse 0 1 2 3 4 5 6
Feeling slowed down 0 1 2 3 4 5 6
Diagnosed wit_h dgprgssion, anxiety Ves No o ;
or other psychiatric disorder? Feeling like “in a fog 0 1 2 3 4 5 6
“Don't feel right” 0 1 2 & 4 5 6
Current medications? If yes, please list: Difficulty concentrating 0 1 2 3 4 5 6
Difficulty remembering 0 1 2 3 4 5 6
Fatigue or low energy 0 1 2 3 4 5 6
Confusion 0 1 2 3 4 5 6
Drowsiness 0 1 2 3 4 5 6
More emotional 0 1 2 8 4 5 6
Irritability 0 1 2 3 4 5 6
Sadness 0 1 2 3 4 6
Nervous or Anxious 0 1 2 3 4 5 6

Trouble falling asleep
(if applicable)

o
N
@
IS
o
o

Total number of symptoms: of 22
Symptom severity score: of 132
Do your symptoms get worse with physical activity? Y N
Do your symptoms get worse with mental activity? Y N

If 100% is feeling perfectly normal, what
percent of normal do you feel?

If not 100%, why?

Please hand form back to examiner
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STEP 3: COGNITIVE SCREENING

Standardised Assessment of Concussion (SAC)*

ORIENTATION

What month is it? 0 i
What is the date today? 0 1
What is the day of the week? 0 il
What year is it? 0 1
What time is it right now? (within 1 hour) 0 1

Orientation score

IMMEDIATE MEMORY

The Immediate Memory component can be completed using the
traditional 5-word per trial list or optionally using 10-words per trial
to minimise any ceiling effect. All 3 trials must be administered irre-
spective of the number correct on the first trial. Administer at the rate
of one word per second.

Please choose EITHER the 5 or 10 word list groups and circle the specific word list chosen
for this test.

1 am going to test your memory. | will read you a list of words and when | am done, repeat
back as many words as you can remember, in any order. For Trials 2 & 3: | am going to repeat
the same list again. Repeat back as many words as you can remember in any order, even if
you said the word before.

Score (of 5)
List Alternate 5 word lists
Trial 1 Trial 2 Trial 3

A Finger Penny Blanket Lemon Insect

B Candle Paper Sugar Sandwich ~ Wagon

(o] Baby Monkey  Perfume Sunset Iron

D Elbow Apple Carpet Saddle Bubble

E Jacket Arrow Pepper Cotton Movie

F Dollar Honey Mirror Saddle Anchor

Immediate Memory Score

Time that last trial was completed

Score (of 10)
List Alternate 10 word lists
Trial 1 Trial 2 Trial 3
Finger Penny Blanket Lemon Insect
G
Candle Paper Sugar Sandwich ~ Wagon
Baby Monkey  Perfume Sunset Iron
H
Elbow Apple Carpet Saddle Bubble
Jacket Arrow Pepper Cotton Movie
|
Dollar Honey Mirror Saddle Anchor

Immediate Memory Score

Time that last trial was completed

~
Name:
DOB:
Address:
ID number:
Examiner:
Date:
_
CONCENTRATION
DIGITS BACKWARDS

Please circle the Digit list chosen (A, B, C, D, E, F). Administer at the
rate of one digit per second reading DOWN the selected column.

Iam going to read a string of numbers and when | am done, you repeat them back to me
in reverse order of how I read them to you. For example, if | say 7-1-9, you would say 9-1-7.

Concentration Number Lists (circle one)

List A List B ListC
4-9-3 526 142 i N 0
6-2-9 41-5 6-5-8 Y. N 1
3-8-1-4 17-9-5 6-8-3-1 ¥ N 0
3-27-9 4-9-6-8 3-4-8-1 Y N 1
6-2-9-7-1 4-8-5-2-7 4-9-1-5-3 N N 0
1-5-2-8-6 6-1-8-4-3 6-8-2-5-1 Y N 1
7-1-8-4-6-2  8-3-1-9-6-4 3-7-6-5-1-9 Y N 0
5-3-9-1-4-8  7-2-4-8-5-6 9-2-6-5-1-4 Y N 1

List D ListE ListF
7-82 3-8-2 271 Y N 0
9-2-6 5-1-8 47-9 Y N 1
4-1-8-3 27-9-3 1-6-8-3 V4 N 0
97-2-3 21-6-9 3-9-2-4 Y N 1
17-9-2-6 4-1-8-6-9 2-47-5-8 Y N 0
4-17-52 9-4-1-7-5 8-3-9-6-4 Y N 1
2-6-4-8-17  6-9-7-3-8-2 5-8-6-2-4-9 V7 N 0
8-4-1-9-3-5  4-2:7-9-3-8 3-1-7-8-2-6 X N 1

Mitiafieon: _

MONTHS IN REVERSE ORDER

Now tell me the months of the year in reverse order. Start with the last month and go backward.
So you'll say December, November. Go ahead.

Dec - Nov - Oct - Sept - Aug - Jul - Jun - May - Apr - Mar - Feb - Jan

01
Months Score -

Concentration Total Score (Digits + Months)
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N Name:
STEP 4: NEUROLOGICAL SCREEN DOB:
See the instruction sheet (page 7) for details of Address:
test administration and scoring of the tests. ID number:
Can the patient read aloud (e.g. symptom check- @ 5
list) and follow instructions without difficulty? v b Examiner:
Does the patient have a full range of pain- v N Date:
free PASSIVE cervical spine movement? \
Without moving their head or neck, can the patient look v N
side-to-side and up-and-down without double vision?
Can the patient perform the finger nose v N )
coordination test normally?
Can the patient perform tandem gait normally? \Y: N
BALANCE EXAMINATION The delayed recall should be performed after 5 minutes have
. ) - elapsed since the end of the Immediate Recall section. Score 1
Modified Balance Error Scoring System (mBESS) testing pt. for each correct response.
Which foot was tested O Left Do you remember that list of words | read a few times earlier? Tell me as many words
(i.e. which is the non-dominant foot) O Right from the list as you can remember in any order.
Testing surface (hard floor, field, etc.) Time Started j
Footwear (shoes, barefoot, braces, tape, etc.)
Condition Errors Please record each word correctly recalled. Total score equals number of words recalled.
Double leg stance of 10
Single leg stance (non-dominant foot) of 10
Tandem stance (non-dominant foot at the back) of 10
Total Errors of 30 Total number of words recalled accurately:
N
Date and time of injury:
Date & time of assessment:
If the athlete is known to you prior to their injury, are they different from their usual self?
Domain OYes ONo OUnsure [INotApplicable
Symptom (If different, describe why in the clinical notes section)
number (of 22) . .
Concussion Diagnosed?
Symptom severity OYes ONo OUnsure [ Not Applicable
score (of 132)
If re-testing, has the athlete improved?
Orientation (of 5) OYes ONo OUnsure [ NotApplicable
. of 15 of 15 of 15 . . )
Immediate memory Iam a physician or licensed healthcare professional and | have personally
of 30 of 30 of 30 b 3 2l = 2
administered or supervised the administration of this SCATS5.
Concentration (of 5) Signature:
Normal Normal Normal s
Neuroexaim Abnormal Abnormal Abnormal Name:
Title:
Balance errors (of 30)
Registration number (if applicable):
Delayed Recall of 5 o of s
¥ of 10 of 10 of 10 Date:

SCORING ON THE SCATS5 SHOULD NOT BE USED AS A STAND-ALONE
METHOD TO DIAGNOSE CONCUSSION, MEASURE RECOVERY OR

MAKE DECISIONS ABOUT AN ATHLETE'S READINESS TO RETURN TO
COMPETITION AFTER CONCUSSION.
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Subject Identification:

APPENDIX F: Vestibular Ocular Motor Screening

Does athlete wear glasses/contacts: [ Yes "] No
Are they wearing them: 'l Yes "I No
VOMS Test: Headache | Dizziness | Nausea Fogginess Comments
0-10 0-10 0-10 0-10
Baseline
Symptoms

Smooth Pursuits

Saccades -
Horizontal

Saccades -
Vertical

Convergence

(Near point in cm):
Measure 1:
Measure 2:
Measure 3:

VOR - Horizontal

VOR - Vertical

Visual Motion
Sensitivity Test
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APPENDIX G: Motion Sickness Assessment Questionnaire

Subject Identification:

Motion Sickness Assessment Questionnaire (MSAQ) Rate (1-9)

I felt sick to my stomach

I felt faint-like

I felt annoyed/irritated

I felt sweaty

I felt queasy

I felt lightheaded

I felt drowsy

I felt clammy/cold sweat

I felt disoriented

I felt tired/fatigued

I felt nauseated

I felt hot/warm

I felt dizzy

I felt like I was spinning

I felt as if I may vomit

I felt uneasy
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